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ABSTRACT 
Organic thin-film transistors (OTFTs) have been envisioned as an alternative to 
mainstream inorganic thin-film transistors (TFTs) because they are suitable for 
flexible substrates and low-temperature processing. Metallophthalocyanines (M-Pcs) 
are commercially available at low cost, chemically and thermally stable among a 
variety of organic semiconductors. Therefore, improving the performance of 
M-Pc-based OTFTs is of technological importance for practical applications. 
In this thesis, high-performance M-Pc-based OTFTs were interrogated by two 
fabrication methods: (1) optimization of the growth of highly-crystallized M-Pc thin 
films, and (2) application of heterostructure configuration. 
On the optimization of the growth of M-Pc thin films, highly-crystallized 
vanadyl phthalocyanine (VOPc) thin films was successfully grown by varying the 
process conditions such as substrate temperature, deposition rate, and gate dielectric. 
I 
VOPc thin films with closely-packed terraced grains were achieved. It is this 
morphological characteristic that significantly contributes the high field-effect 
2 
mobilities repeatedly reaching or even exceeding 0.1 cm /V.s. 
On the investigation of M-Pc-based heterostmcture OTFTs, copper 
phthalocyanine (CuPc)/cobalt phthalocyanine (CoPc) and VOPc/CoPc p-type/j!?-type 
heterostmcture OTFTs were fabricated. The CuPc/CoPc or VOPc/CoPc OTFTs in 
sandwich configuration could exhibit the increased mobilities and decreased 
threshold voltage as compared with those of single-layer CuPc or VOPc OTFTs. A 
double-channel model is proposed to explain the high performance of CuPc/CoPc 
and VOPc/GoPc OTFTs, and experimental evidences in support of the 
double-channel model were also provided. 
V0PC/FI6CUPC />-type/«-type heterostmcture OTFTs were also fabricated. The 
V0PC/FI6CUPC OTFTS exhibited unipolar ；?-channel output, but not the expected 
ambipolar output, which was attributed to the special electrical and structural 
properties of the V0Pc/Fi6CuPc interface. Bottom-contact VOPc/FisCuPc OTFTs 
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Chapter 1 • Overview of Organic Thin-Film Transistors (OTFTs) 
Chapter 1 
Overview of Organic Thin-Film Transistors (OTFTs) 
Organic thin-film transistors (OTFTs) are field-effect devices with thin films of ‘ 
organic or polymer semiconductors as the channel materials. Unlike the strong 
interactions between atoms/ions of inorganic semiconductors, the interactions 
between organic molecules or polymer chains are weak interactions, principally van 
der Waals and dipole-dipole interactions [1-4]. Thus at room temperature charge 
carriers (electrons and holes) tend to be localized in organic molecules or polymer 
chains and need to transport between localized sites by hopping. As a result, the 
mobilities of most organic or polymer semiconductors are difficult to compete with 
those of inorganic semiconductors. But OTFTs may find applications which do not 
require high switching speed, e.g., low-end radio-frequency cards, sensors, and 
electronic papers. The advantages of OTFTs include: applicability of vapor/solution 
phase fabrication technique, good compatibility with large-area and flexible 
substrates, low processing temperature and cost [4,5]. OTFTs have been envisioned 
as a viable alternative to traditional and mainstream thin-film transistors (TFTs) 
based on inorganic materials [5-7]. 
1.1 Introduction to OTFTs 
OTFTs were first introduced in 1986 [8]. Tsumura et al. reported that the OTFT 
based on macromolecule polythiophene showed a mobility of �10_ cm /V.s. For a 
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long time after Tsumura's report, most OTFTs had only shown low mobilities as 
compared with those of inorganic TFTs. In the past twenty years, great efforts have 
been made to improve the mobilities of OTFTs. Nowadays several OTFTs can have 
high mobilities comparable or even superior to those of inorganic TFTs. 
Mobilities of OTFTs can be improved by synthesizing or finding organic 
semiconductors with close intermolecular stacking and small reorganization energy. 
Quinoidal terthiophene (DCMT) was synthesized to have close n-n stacking and the 
DCMT OTFTs showed a high electron mobility of � 0 . 2 cm^A^-s [9]. Zhu et al 
reported that titanyl phthalocyanine (TiOPc) should have ultra-close intermolecular 
stacking and small reorganization energy according to theoretical calculation and 
TiOPc OTFTs could have a high hole mobility up to 10 cm^A^-s [10]. 
Another method to improve mobilities is to choose suitable gate dielectrics or 
treat gate diejectrics with self assembled monolayers (SAMs). When OTFTs operate, 
the effective channel region resides only within several nanometers above the surface 
of gate dielectrics [11-13]. Therefore the properties of gate dielectric are critical to 
the performance of OTFTs [14,15]. Nowadays inorganic high-A： dielectrics, polymer 
dielectrics, and even hybrid dielectrics have been widely used to improve the 
mobilities of OTFTs by increasing quality of organic thin films and decreasing 
interface trap densities [16-20]. Besides choosing suitable gate dielectrics, modifying 
gate dielectrics with SAMs is widely used to improve the mobilities of OTFTs. 
Titanyl phthalocyanine (TiOPc) thin film can have pure highly-ordered a-phase on 
the OTS-modifled Si02 surface, but amorphous or mixture-phase state on Si02 
surface. The OTS modification to Si02 dielectric can improve the mobilities of 
TiOPc OTFTs by more than 4 orders of magnitude [10]. 
2 
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The third method to improve mobilites is to optimize the deposition process of 
organic thin films, e.g., substrate temperature, deposition rate and gate dielectric. 
Substrate temperature and deposition rate can influence the growth (crystallization, 
grain size and interconnectivity of the grains) of organic thin films. A substrate 
temperature of 125 °C could make copper phthalocyanine (CuPc) thin films highly 
crystallized and contribute high mobilities of 0.01-0.02 cm^A^-s, which are 1-2 order 
higher than those of poorly-crystallized CuPc films deposited at room temperature 
[21]. Tuning the deposition rate during the growth of pentacene thin films can 
increase the interconnectivity between pentacene grains and improve the mobilities 
of pentacene OTFTs [22]. 
Preparation of organic thin films is an important step in the fabrication of OTFTs. 
Organic semiconducting thin films for OTFTs can be prepared by vacuum 
evaporation, solution deposition, and inkjet printing [4]. Vacuum evaporation is 
widely used to deposit small-molecule organic thin films. This method uses thermal 
heating or e-beam to make organic molecules evaporate in vacuum chamber and 
travel over some distance to deposit on the substrate. Vacuum evaporation can 
produce high-purity and highly-ordered organic thin films. But a good vacuum 
environment normally costs much time and money. 
Unlike vacuum evaporation, which is expensive and requires long vacuum-
pumping time, solution deposition of organic thin films can be done under ambient 
conditions with relatively low cost and high speed. Solution deposition method uses 
solution of organic semiconductors to deposit organic thin films by spin-casting, 
drop-casting or Langmuir-Blodgett (LB) technique. It is more compatible with large-
area thin film fabrication with low cost, but the mobilities of organic thin films 
3 
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prepared by solution deposition are generally lower than those obtained from vacuum 
evaporation. 
Organic semiconducting thin films can also be prepared by inkjet printing, which 
directly prints droplets of organic solvents onto the substrate. A solidification process 
of the droplets occurs after printing to form the thin films. The technique is attractive 
because it is low cost, applicable to large-area processing, compatible with flexible 
substrates, and adaptable to high-throughput manufacturing. Gamier et al reported 
the first all-polymer OTFT fabricated by printing techniques [23]. Rolling up, 
bending and twisting did not affect the electrical performance of the all-polymer 
OTFT. 
OTFTs have already been demonstrated in applications such as electronic-papers, 
sensors, and radio frequency identification cards (RFIDs). Chapter 1.4 will discuss in 
details the applications of OTFTs. NanoMarkets, a leading market and technology 
research firm, predicted that the market of organic electronics, e.g., organic light-
emitting diodes (OLEDs) and OTFTs, will grow from US$1.4 billion in 2007 to 
US$19.7 billion by 2012 [24]. OTFTs will have a bright future both in research and 
in applications. 
1.2 Basic mechanism of OTFTs 
The mechanism of OTFTs is analogous to that of inorganic TFTs. OTFTs are 
three-terminal devices, in which a voltage applied to gate electrode controls current 
flow between source and drain electrodes. In inorganic semiconductors, 
delocalization of charge carriers leads to a band transport, and charge carriers move 
through a continuum of energy levels. In organic semiconductors, the proposed 
mechanism is hopping between discrete, localized states of individual molecules or 
4 
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polymer chains. Impurities or inconsistencies in structure may result in 'traps' that 
alter the relative energy levels, and greatly inhibit the transport of charge carriers. 
1 Source * I • Drain 丄— � _ —..�„....., Organic , 
. ,digank: semiojnductor ^ ^ 教 巧产"semiconductor Dram 
(a) (b) 
Fig. 1.1 Device configurations of OTFTs: (a) top-contact, and (b) bottom-contact. 
There are two basic device configurations for OTFTs: top-contact configuration 
and bottom-contact configuration. The schematics of the two configurations are 
shown in Fig. 1.1. For the top-contact configuration, source-drain (S-D) electrodes 
are on top of the organic thin films. For the bottom-contact configuration, S-D 
electrodes locate at the bottom of the organic thin films. 
When a voltage is applied to the gate, electrons or holes can be induced at the 
semiconductor/dielectric interface and the S-D current increases. The basic formulas 
describing the OFET drain current are given in equations (1.1) and (1.2): 
Where fx is the field-effect mobility, W the channel width, L the channel length, 
Ci the capacitance per unit area of the insulating dielectric layer, Vr the threshold 
voltage, VsD the source-drain voltage, and VSG the source-gate voltage. 
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OTFTs are typically characterized in two ways. One way is to get the output 
characteristics of OTFTs by sweeping the drain voltage VSD while holding the gate 
voltage VsG as constant. On increasing the magnitude of VSD while holding VSG as 
constant, a linear current regime [equation (1.1)] is initially observed at low drain 
voltages (VSD < VSG-VT), followed by a saturation regime [equation (1.2)] when the 
drain voltage VSD exceeds the gate voltage (VSG-VT)- The other way is to get the 
transfer characteristics of OTFTs by sweeping the gate voltage VGS while holding the 
drain voltage VSD as constant. The threshold voltage VT is derived from the 
intersection of the linear slope of the square root of (ISOJSAT vs VSG with the axis of VSG 
=0. The current on/off ratio can be obtained from the semi-logarithmic plot of (Isojsat 
vs VSG . 
Differences can often be observed in mobility values calculated in the linear 
regime and the saturation regime [5]. The linear-regime mobility can be affected by 
contact problems, which can lead to underestimation of the mobility. However, in the 
saturation regime, when channel lengths are comparable to the gate insulator 
thickness or only a few times greater than that thickness, the ISD-VSD curves do not 
saturate and exhibit an upward trend at high VSD- Calculating the mobility in the 
saturation regime from such devices can lead to erroneously high values [5]. 
1.3 Applications of OTFTs 
1.3.1 Driving of circuits for electronic papers and LCD 
OTFTs can be used to drive circuits for electronic papers and LCD. 
OTFTs were successfully used in driving circuits for electronic papers in 2001. 
Because electronic papers do not need to operate at high switching speed, some 
organic semiconductors with relatively low mobilities can also be used for electronic 
6 
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papers. Figure 1.2 shows pentacene OTFTs on commercially-available cotton-fiber 
paper and PEEK polymer film reported by Eder et al [25]. The OTFTs show 
mobilities of 0.2-0.3 cm^A^-s and on/off current ratio of 10^ on flexible substrates. 
This result demonstrates the enormous potential of OTFTs for low-cost and large-
area electronic-papers. 
Pentacene active TFT layer 
/ / f Drain ^ 
y----Y / PVP gate dielectric \ Y • 
/ /Gate electrode \ \ """""^^ 
Substrate (paper or PEEK) 
•國 
Fig. 1.2 Schematic cross-section of a pentacene TFT (top), and photograph of 
pentacene TFTs on paper (bottom left) and on PEEK film (bottom right). 
OTFTs can also work for driving LCD. Development of large and flexible 
displays requires a cost-effective manufacturing process for the active-matrix 
backplane, which contains one transistor per pixel. Several electronics giants, e.g., 
Motorola and Sony, already demonstrated that OTFTs could work for the control of 
large and flexible LCD. At the 2004 IEEE International Solid-state Circuits 
Conference, Sony announced that Sony succeeded in using pentacene OTFTs for 
pixel switching in a 2.5-inch flexible LCD display [11]. On May 24 2007, Sony 
unveiled the world first flexible and full-color organic electroluminescent flat-panel 
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display (OLED) built on organic thin-film transistor technology [60]. Fig. 1.3 shows 
Sony's OTFTs in LCD and OLED display. 
——A/moimKS in ？ebfuary Sis >ear at ISSCC {IEEE 如 lamailonai SoSd-SlaiB Oncm Conference) , . 
圍隱―據 
*: Tfea tlm«, th4 ot^ank; translators w«fe fabrfceSect not by parting but by vapor (topositoa 
(a) (b) 
Fig. 1.3 (a) Sony's pentacene OTFTs for LCD pixels (announced in 2004) [11]. 
(b) Sony's full-color OLED built on OTFTs (announced on 24 May 2007) [60]. 
1.3.2 Light-emitting OTFTs 
Light-emitting OTFTs combine the function of organic light-emitting diodes 
(OLEDs) and OTFTs. Organic light-emitting OTFT was first reported by a German 
group in 2003, which was comprised of gold electrodes and polycrystalline tetracene 
thin films [26]. Both positive charges (holes) and negative charges (electrons) were 
injected from the electrodes into the tetracene layer, leading to electro luminescence 
from the tetracene [26]. Light-emitting OTFTs can also use organic heterostructure 
as the active layer [27,28]. Heterostructure configuration can provide high and 
balanced mobility values of holes and electrons, but may greatly decrease the 
recombination between the holes and electrons. 
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An important difference between OLEDs and light-emitting OTFTs is that 
charge carriers traverse perpendicularly to the organic layers in OLEDs, but at the 
interface of organic/dielectric in light-emitting OTFTs [29]. The mobilities of charge 
carriers in light-emitting OTFTs are normally several orders higher than those in 
OLEDs, which allows lower charge densities in the light-emitting OTFTs to limit 
heat production. Therefore the light-emitting OTFTs have potentially higher 
electroluminescence quantum efficiency than that of OLEDs. 
1.3.3 Sensing 
OTFTs can be used for the detection of the molecules of gas or solvent [30-32]. 
The absorption of the molecules of gas or solvent in the active layers of OTFTs can 
change the doping level and trap energies in the channel region, so that the 
performance of OTFTs can be changed. However, several issues are still open, 
particularly related to the long-term stability and the batch-to-batch even device-to-
device variability that will determine whether technology will move beyond the 
laboratory stage [33]. Beside the sensing of solvent/gas, OTFTs can also be used for 
the sensing of pressure and light [34,35]. 
1.4 Several key issues 
1.4.1 Mobilities of OTFTs 
When the first OTFT was reported in 1986, its mobility was only �lO'，cm^A^-s. 
For a long time after 1986, most OTFTs had not shown high mobilities comparable 
with those of A-SI TFTs. Therefore mobilities of OTFTs have received great attention 
for many years. Weak interactions between neighboring organic molecules or 
polymer chains result in low mobilities of OTFTs. Section 1.1 has reviewed the 
9 
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efforts to improve the mobilities of OTFTs. Nowadays a few OTFTs with vacuum-
deposited high-quality organic thin films, e.g., pentacene and TiOPc thin films, have 
already exhibited higher mobilities than those of TFTs with A-SI. However, these 
organic thin films are prepared with relatively long vacuum-pumping time and high 
cost. Most OTFTs prepared by low-cost methods, e.g., solution deposition, still show 
relatively low mobilities. 
1.4.2 Performance of bottom-contact OTFTs 
Performance of OTFTs strongly depends on the contact resistance between 
source/drain electrodes and organic semiconductors. The contact resistance is in 
series with the channel resistance of organic semiconductors when OTFTs are in 
operation. Large contact resistance is the bottleneck for high performance of OTFTs. 
There are two basic configurations for OTFTs: bottom-contact versus top-
contact. Bottom-contact configuration allows patterning of small channels (W, L < \ 0 
|im) by using conventional photolithography techniques which are already maturely 
used in advanced LCD fabrication. However, bottom-contact configuration normally 
leads to large contact resistance as compared with top-contact configuration. Top-
contact configuration normally results in small contact resistance, but has difficulties 
in the patterning of small electrodes. 
Gold is widely used as electrode for OTFTs due to its high work function and 
good stability. But gold source/drain electrodes in bottom-contact configuration can 
cause structural discontinuity between organic thin film on gold electrode and 
organic thin film on gate dielectric. Many researchers reported that the organic thin 
film had different grain sizes and even molecular orientations on gold as compared 
with those on gate dielectric, presumably due to heterogeneous nucleation 
10 
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phenomena. Pentacene, for example, tends to have smaller grains on gold than those 
on gate dielectric due to strong interactions between pentacene molecules and gold 
surface. Pentacene molecules prefer to "stand up" with the long axis of the molecule 
perpendicular to the plane of the substrate when deposited on gate dielectric like 
Si02. When deposited on top of gold electrode, however, strong interactions between 
the pentacene molecules and the gold surface lead to tiny grains at the contact. In 
some cases, voids are even observed [36]. Consequently OTFTs with bottom-contact 
configuration normally show poor performance compared with the devices with top-
contact configuration. 
Replacing the popularly-used gold electrodes with conductive oxide electrodes 
can help to reduce contact resistance in bottom-contact OTFTs [37]. Modification of 
electrodes can also help to reduce contact resistance in bottom-contact configuration. 
Ihm et al reported that inserting a benzenethiol or methanethiol buffer layer on the 
gold electrodes can reduce the orientation difference between pentacene molecules 
on electrodes and those on dielectrics and improve the injection of holes [38]. Cai et 
al reported that the treatment of gold electrodes by piranha solution led to significant 
improvement of the device performance of PQT-12 OTFTs [39]. 
1.4.3 Stability of OTFTs 
OTFTs are field-effect devices with organic or polymer thin-film 
semiconductors as channel materials. As compared with inorganic materials, many 
organic and polymer materials are easily influenced by environment. Therefore the 
performance of OTFTs is a key issue for applications. 
Knipp's group studied the stability of pentacene OTFTs in dry oxygen and 
moisture [40,41]. It was found that exposure of oxygen could lead to the creation of 
11 
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acceptor-like states in the bandgap of pentacene, which cause the shift of onset 
voltage. Exposure of moisture can cause a drop of the charge carrier mobility, a 
reduction of the threshold voltage, and a shift of the onset voltage, which was 
attributed to the influence of metal/pentacene interface and the charge injection. Fig. 
1.4 compares the degradation of pentacene TFTs in air reported by different groups 
[42]. It can be seen that the mobilities of pentacene TFTs could drop by more than 
one order within 100 days in air. But a few organic semiconductors, e.g., TiOPc, are 
much more stable than pentacene. Fig. 1.5 shows the degradation of TiOPc OTFTs in 
air, whose mobilities dropped by less than 50% after a 180 days' storage in air. 
0.01 ； \ [ b ] 
1 10 100 
Exposure to air (days) 
[a] Qiu, Y. et al. Appl. Phys. Lett. 83 1644-1646 (2003). 
[b] Lee, J. H. et al. Synth. Metals 143 21-23 (2004). 
[c] Kim, W. J. et al. J’ Vac. Sci. Technol. B 23 2357-2362 (2005). 
[d] Merlo，J. A. et al. J. Am. Chem. Soc. 127，3997-4009 (2005). 
[e] De Angelis, F. et al. Appl. Phys. Lett 88,193508 (2006). 
[f] Meng, H. et al. J. Am. Chem. Soc. 128, 9304-9305 (2006). 
[g] Klauk. L et al. Nature 445, 745 (2007). 
Fig. 1.4 Degradation of pentacene OTFTs. The figure compares the degradation of 
the mobilities of pentacene OTFTs during exposure to air reported by different 
literatures [42]. ‘ 
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Figure 1.5 Degradation of TiOPc OTFTs in air and at room temperature [10]. 
1.4.4 Performance of w-type organic semiconductors 
N-iypQ organic semiconductors are essential for the fabrication of organic 
complementary circuits. The search for high-performance and environmentally-
stable «-type organic semiconductors is a daunting challenge in the research of 
OTFTs. 
However, the development of 仏type organic TFT materials lags behind that of 
the p-type materials due to several reasons. The first one is that the popularly-used 
electrode materials (e.g., Au and Ag) for OTFTs are not suited for the injection of 
electrons, and the surface of gate dielectrics in OTFTs normally have many trap 
states for electrons [43]. The second reason is that unsubstituted oligomer molecules 
have relatively small electron affinities [43]. The third reason is that the organic 
semiconductors are easily influenced by p-type dopants such as O2 or H2O in air 
[43,44]. 
13 
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Two strategies can improve the performance of «-type organic semiconductors. 
The first is to use substitution with strong electron-withdrawing substituents [43,45]. 
The second strategy is to modify the gate dielectric to eliminate electron trapping 
sites. Following the strategies, improvement of «-type performance has been 
observed for a few organic semiconductors which were previously perceived to be 
only /7-type [46]. 
1.5 Why to study metallophthalocyanine-based OTFTs 
Phthalocyanine (H2PC) was first found in 1907 as an unknown blue byproduct 
[47]. Its molecule has planar aromatic macrocycle, consisting of four isoindole units 
presenting an 18 Ti-electron aromatic cloud be delocalized over an arrangement of 
alternated carbon and nitrogen atoms. The two hydrogen atoms of the central cavity -
can be replaced by more than 70 kinds of metal atoms and a variety of substituents 
can be incorporated (called "versatility"), thus allowing to fabricate a variety of 
metallophthalocyanines (M-Pcs) with different properties [48]. M-Pcs have been 
used in a wide range of applications, including electrochemical devices, optical 
switches, data-storage media, gas sensors, solar cells and OTFTs [49-54]. 
M-Pcs have different molecular shapes. Figure 1.6 shows the chemical structures 
of several M-Pcs. Among these M-Pcs, copper phthalocyanine (CuPc), cobalt 
phthalocyanine (CoPc) and fluorinated copper phthalocyanine (FieCuPc) are planar 
M-Pcs, which have metal atoms locating in the same plane of the aromatic 
macrocycle. Vanadyl phthalocyanine (VOPc) and titanyl phthalocyanine (TiOPc) are 
non-planar M-Pcs, which have certain part (e.g., oxygen atom) protruding out of the 
aromatic macrocycle. 
14 
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Figure 1.6 Chemical structures of several M-Pcs: 
(a) CuPc, (b) CoPc, (c) VOPc, (d) TiOPc, and (e) FieCuPc. 
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In the development of M-Pc-based OTFTs, OTFTs based on planar M-Pcs first 
drew wide attention. In 1996 Bao et al. found that a substrate temperature of 125 
could achieve highly-crystallized CuPc thin films and improve the mobilities of 
CuPc OTFTs to 0.01-0.02 cmVv.s [21]. In 2004 Yan et al found that the 
CuPc/CoPc OTFTs in sandwich configuration could have a high mobility of 0.11 
， 
cm /V.s [55]. To date the mobilities for OTFTs based on planar M-Pcs has been 
improved to 0.32 cnvVv.s, which is from ZnPc OTFT using p-6? as a buffer layer 
[56]. 
OTFTs based on non-planar M-Pcs, for a long time, had not been found to have 
high mobilities, probably due to the difficulty in preparing high-quality thin films of 
non-planar M-Pcs. However, in 2004 Ohta et al reported that non-planar VOPc thin _ 
film grown by molecular beam epitaxy (MBE) on (ScojYojhOg substrate at 150 
had lateral growth mode and a high mobility of -0.005 cm^A^s [57]. In 2007, Yan et 
al reported that films of VOPc could exhibit weak epitaxy growth (WEG) behavior 
on thin ordered p-6? layer and show high mobilities of up to 1.5 cm^A '^-s [58,59]. 
Also in 2007, Zhu et al. reported that non-planar TiOPc thin films could have pure a-
phase on 0TS/Si02 substrate, and TiOPc-based OTFT could have a high mobility up 
to 10 cm^/V-s, which is the highest mobility for OTFTs to date [10]. Very 
importantly, OTFTs based on non-planar M-Pcs can also have good stability [10]. 
Recent progress on non-planar M-Pcs indicates that OTFTs based on non-planar M-
Pcs will have a bright future. 
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1.6 Objective of this thesis 
As introduced previously, M-Pc-based OTFTs can have high mobilities, good 
stability and low cost. Improving the performance of M-Pc-based OTFTs is of 
technological importance for practical applications. 
In this thesis, a systematic investigation on the growth of VOPc thin films for ‘ 
high-mobility OTFTs is first carried out (Chapter 3). Attention is paid to the 
relationship between the morphology and the mobility of VOPc thin films under 
different deposition conditions. 
M-Pc-based heterostructure OTFTs, including CuPc/CoPc and VOPc/CoPc p-
type/p-type heterostructure OTFTs (Chapter 4) and VOPc/FieCuPc p-type/^-type 
heterostructure OTFTs (Chapter 5), are also studied. The heterostructure OTFTs are 
expected to exhibit better performance superior to normal single-layer OTFTs, which 
is analyzed from special properties of the interface of M-Pcs. 
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Chapter 2 
Experimental Details for Fabrication 
and Characterization of OTFTs 
Performance of OTFTs can be influenced by several factors，e.g., purification of 
organic semiconductors, deposition of organic thin films, and electrical properties of 
gate dielectrics. To fabricate high-performance OTFTs, these factors should be 
carefully considered. This chapter introduces the experimental details used in the 
thesis for fabricating and characterizing high-performance OTFTs. 
2.1 Purification of organic semiconductors 
Purification of organic semiconductors is an important step in the fabrication of 
OTFTs. Performance of OTFTs is extremely sensitive to impurities [1-3]. Therefore 
purification is a prerequisite to separate the intrinsic effects of organic 
semiconductors from the extrinsic effects caused by impurities. 
In our group we purify organic semiconductors by using thermal gradient zone 
sublimation. The schematic diagram of the purification system is shown in Fig. 2.1. 
The starting organic semiconductor is located in the bottom of a quartz tube. The 
quartz tube can be pumped by rotary pumps and molecular pumps to a pressure of 
~10-4 Torr. The quartz tube is inserted in a furnace, which can make a temperature 
gradient zone along the quartz tube. 
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Fig. 2.1 Schematic diagram of the purification system. 
To acquire high-quality purified organic semiconductor, the bottom of the quartz 
tube is first heated to a temperature of 50-100 below the sublimation point of the 
starting organic semiconductor for several hours. Some impurities with low 
sublimation points sublime out and the desired organic semiconductor remains. Next, 
collect the remaining chemicals from the bottom of the quartz tube and place them in 
a new quartz tube. Heat the remaining chemicals in the new tube at higher 
temperatures so that molecules of the desired organic semiconductor sublime out 
from the bottom of the quartz tube. The sublimed organic semiconductor will deposit 
in a separate region of the new tube and normally exhibit crystallization form. 
Finally collect the desired organic semiconductor from the right place of the tube and 
store it in a clean bottle in dark for future use. 
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2.2 Preparation of gate dielectrics for OTFTs 
Three types of dielectric films were used as the gate dielectric of OTFTs, namely 
Si02, TaiOs and AlzCVSiO?. 
Si02 dielectric film was commercially available by Silicon Quest International, 
which sells 4-inch heavily-doped n-type (100) wafers (p = 0.01-0.001 ohm/Q) with 
thermal Si02 dielectric film (300 nm or 420 nm in thickness). 
TazOs and AI2O3 high-A: dielectric films were deposited in-house by a radio-
frequency (RF) sputtering system. The substrate temperature was kept at 70-100 
during deposition. The reason for such a high substrate temperature is to remove gas 
and water molecules absorbed on the surface of the substrates and to increase the 
film adhesive strength. 
For the deposition of TaaOs dielectric film, heavily doped «-type (100) Si wafer -
was used as the substrate and a ceramic TaaOs plate was used as the sputtering target. 
The wafer was rinsed in the de-ionized water, and then immersed in 2-Propanol (IPA) 
for ultrasonic clean. Afterwards, the wafer was dipped in 5% HF solution to remove 
the native oxide. Finally, the wafer was cleaned by de-ionized wafer and transferred 
to the RF sputtering system. The sputtering chamber was then evacuated to a base 
pressure of -2x10"^ Torr. A mixture of Ar and O2 was admitted to the chamber as 
working gas for sputtering, which was similar to that in references [4] and [5]. The 
flow rate of Ar and O2 was controlled by mass flow controllers (MFC) at Ar:02=3:l. 
The pressure during sputtering was about -3.7x10"^ Torr. 
For the deposition of AI2O3 dielectric film, heavily doped «-type Si wafer with 
300nm thermal Si02 was used as the substrate and a ceramic AI2O3 plate was used as 
the sputtering target. The Si02 wafer was rinsed in the de-ionized water, and then 
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immersed in 2-Propanol (JPA) for ultrasonic clean. The AI2O3 dielectric film was 
also deposited in a AxlOi mixture (Ar:02 = 3:1) with a pressure of �3.7x10-3 Torr. 
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(C) 
Fig. 2.2 1 |Lim X 1 |Lim AFM images of the dielectric films grown on «++ Si wafers: 
(a) 420-mn SiO�，(b) 500-nm TasOs，and (c) 50-nm AbOa/SOO-nm Si02. 
As it is shown in Fig.2.2, the surface of the three dielectric films exhibits smooth 
and amorphous morphology. For the measurement of the capacitance of the 
dielectrics, the MOS capacitors were fabricated with the dielectric films sandwiched 
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between the heavily-doped «++ Si bottom electrodes and Au top electrodes. HP 
4284A precision LCR meter was employed to measure the capacitance with 
frequency ranging from 20 Hz to 10000 Hz. The capacitance values of the Si02, 
TaiOs and AlaC^/SiCh dielectric films were ~8 nF/cm^,�35 nF/cm^ and � 1 0 nF/cm?， 
respectively. Figure 2.3 shows the capacitance-voltage (C-V) measurement of the 
three dielectric films. 
50-, 1 
[-•-SiOj 







0-1 1 1 1—— 
IQI 10' 10' 10' 
• Frequency (Hz) 
F i g . 2 . 3 Capacitance-voltage (C-V) of the dielectric films: (a) 420-nm SiO: film, 
(b) 500-nm TaaOs film and (c) 50-nm Al203/300-nm Si02 film. 
2.3 Deposition of organic thin films and gold source/drain electrodes 
Deposition conditions usually affect the morphology of organic thin films and 
device performance of OTFTs. In this work, organic thin films were deposited by 
thermal evaporation. Purified organic material was placed in a temperature-
controlled crucible in a vacuum chamber, which was then evacuated by using a 
combination of rotary pump and a molecular pump to a base pressure of -4x10"^ 
Torr. Samples for coating thin films were fixed on a sample holder, which could heat 
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up samples during the deposition of thin films. The crucible was slowly heated until 
organic materials started to evaporate. The evaporation rate and the thickness of the 
organic thin films were measured by a quartz thickness monitor. The distance 
between the crucible and the sample holder is -20 cm, which should be appropriate 
for fabricating organic thin-film devices according to the literature [6]. Once 
sufficient organic materials were deposited, the heating of the crucible was turned off. 
N2 was admitted in before opening the chamber to avoid the absorption of O2 and 
H2O to the walls of the vacuum chamber. 
Gold source/drain {S/D) electrodes were deposited through a shadow mask 
(purchased from Power Stencil Inc.), and the channel length and width were 110 \im 
and 2600 |im, respectively. 
2.4 Process flow for the fabrication of OTFTs 
Preparation of dielectric 
films on the surface of 
Purification of organic heavily-doped Si wafers 
semiconductors by sputtering or oxidation 
^ I 
Vacuum evaporation of r ^ . : � • — 
organic t h i n L s to the ^ Cleaning ?th，S:waJ，rs 
heavily-doped Si wafers ^ coated w.th c^electnc films 
coated with dielectric films by I PA and Dl water 
V 
Vacuum evaporation of 
gold through shadow 
masks to define 
source/drain electrodes 
Fig. 2.4 Block diagram of the fabrication steps for the top-contact OTFTs. 
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Figure 2.4 shows the block diagram of the main steps for the fabrication of top-
contact OTFTs in this thesis. The main steps for bottom-contact OTFTs are similar 
as those of top-contact OTFTs, except that the sequence of the deposition of organic 
semiconductors and gold electrodes is changed. 
2.5 Mobility measurement for the organic thin films 
Mobility of the organic thin films can be investigated from Hall Effect 
measurement, the current-voltage characteristics of a transistor, and time-of-flight 
(TOF) measurement. 
Hall Effect measurement can measure the Hall mobility, which is generally 
different from drift mobility measured by the current-voltage characteristics of a 
transistor or TOF measurement. Hall mobility is an expression of the extent to which 
the Hall Effect takes place in a semiconductor [7]. For a given magnetic field and 
current value, the voltage generated by the Hall Effect is greater when the Hall 
mobility is higher. The Hall mobility is given by the product of the Hall constant and 
the conductivity for a given material. It is very difficult to use Hall Effect to measure 
the Hall mobility of the low-mobility organic thin films because of the small Hall 
voltage. 
Drift mobility is related to the average drift velocity of charge carriers under an 
electric field in a semiconductor, which can be measured by current-voltage 
characteristics of a transistor or TOF measurement [8,9]. The mobility calculated 
from the current-voltage characteristics of a transistor is for the evaluation of charge 
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transport at the interface of semiconductor and gate dielectric, which strongly 
depends on the properties of the gate dielectric. 
Drift mobility measured by TOF method is related to charge transport in a 
semiconductor between a pair of plane electrodes [9]. TOF mobility . is from the 
charge transport perpendicular to the substrate. Therefore the method is applicable to 
the investigation of devices using vertical carrier transport such as OLEDs. TOF 
mobility is different from the lateral mobility measured by current-voltage 
characteristics of a transistor. 
In this thesis the mobility of organic thin films is evaluated by the current-
voltage characteristics of a transistor [8,10]. A schematic setup of the current-voltage 
measurement is shown in Fig. 2.5. Typical current-voltage measurement for OTFTs 
can be done by two ways. One way is to get the output characteristics [an example is 
shown in Fig. 2.6 (a)] of the OTFTs by sweeping the drain voltage Vos while holding 
the gate voltage Vos as constant. On increasing the magnitude of VDS while holding 
VGS as constant, a linear current regime is initially observed at low drain voltages 
followed by a saturation regime when the drain voltage VDS increases to certain value. 
The other way is to get the transfer characteristics [an example is shown in Fig. 2.6 
(b)] of OTFTs by sweeping the gate voltage VGS while holding the drain voltage VDS 
as constant. The threshold voltage VT is derived from the intersection of the linear 
slope of the square root of IDS VS VGS with the axis of VGS = 0. The basic formula 




Chapter 2 Experimental Details for Fabrication and Characterization of OTFTs 
Where n is the field-effect mobility, W the channel width, L the channel length, 
C, the capacitance per unit area of the insulating dielectric layer, VT the threshold 
voltage, VDS the source-drain voltage, and VGS the source-gate voltage. Therefore the 
mobility fx can be calculated. 
\ Organic Film \ 
XGround Source 丄 Drain Vpg \ ^ 
a i M j i i m i i 1 X f 
Pietectnc “ \ \ HP 4 1 4 5 B \ I b o 9 
Vgs 
Fig. 2.5 Schematic diagram of the current-voltage measurement for OTFTs. 
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Fig. 2.6 (a) Schematic output characteristics of an OTFT device, (b) Schematic 
transfer characteristics of an OTFT device. 
« 
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2.6 Characterization of organic thin films 
The morphologies of organic thin films were acquired by Nanoscope III AFM 
system in tapping mode. Tapping-mode AFM uses a vibrating cantilever tip which 
”taps" the sample during scan. Soft organic thin-film samples are more suitable by 
tapping mode than contact or non-contact mode because the tapping mode AFM 
minimizes the normal force exerted on the samples, and eliminates lateral forces 
(friction or drag) between the tip and the samples [10]. 
X-ray diffraction (XRD) characterization was also used to characterize the 
crystalline structure of organic thin films. It was performed with a Bruker D8 
Advance X-ray diffractometer in 6-26 mode, which can provide information related 
to the crystalline planes parallel to the sample surface. 
Current-voltage {J-V) measurements of organic samples were performed with a 
HP 4145B semiconductor parameter analyzer. Capacitance-voltage {C-V) 
measurements were performed with a HP 4284A LCR meter. All the J-V and C-V 
measurements were accomplished in dark. 
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Chapter 3 
Optimizing the Growth ofVOPc Thin Films 
for High-Mobility OTFTs 
Organic semiconductors have received increasing attention over the last two 
decades for their potential applications in organic thin-film transistors (OTFTs) [1-3], 
organic light-emitting diodes (OLEDs) [4,5], and photovoltaic cells [6-7]. As it is 
introduced in Chapter 1, M-Pcs are commercially available at low cost, chemically 
and thermally stable among a variety of organic semiconductors [8]. Therefore 
improving the performance of M-Pc-based devices is of technological importance for 
practical applications. 
In this chapter, growth of vacuum-evaporated VOPc thin films was investigated 
by optimizing different process conditions, namely substrate temperature, deposition 
rate and gate dielectric. VOPc thin films with closely-packed terraced grains could be 
obtained when the process conditions were carefully controlled. Very interestingly, 
the VOPc OTFTs with terraced grains on TasOs and AhOs/SiO� dielectrics exhibited 
the high mobilities repeatedly reaching or even exceeding 0.1 cm^A^-s. 
3.1 Experimental 
VOPc thin films were thermally deposited under a base pressure of �4x10-6 Torr. 
Commercial-available VOPc (purchased from Alfa Aesar Inc.) was purified once by 
33 
Chapter 3 Optimizing the Growth of VOPc Thin Films for High-Mobility OTFTs 
gradient sublimation before evaporation. Three types of gate dielectrics were used as 
a bottom layer for the growth of VOPc thin films. They were Si02, TasOs and 
Al203/Si02, whose preparation was introduced in details in Chapter 2. Fabrication 
and device configuration of VOPc OTFTs were also introduced there. A top-contact 




Fig. 3.1 Schematic of a top-contact VOPc OTFT. 
3.2 Results and discussion 
3.2.1 Growth of VOPc thin films on SiCh dielectric 
Firstly, popularly-used Si02 dielectric was used as the substrate for the growth 
of VOPc thin films. The influence of substrate temperature and deposition rate on the 
growth of the VOPc films was studied. As for the vacuum deposition of M-Pc thin 
films, appropriately low deposition rate and high substrate temperature are usually 
perceived to increase grain size and mobility. Thus a series of 30 nm (nominal 
thickness) VOPc films were deposited at a fixed low deposition rate of 0.1—0.2 A/s 
with different substrate temperatures of 130 150�C, 170�C, and 190�C. Figures 
3.2 (a)-(d) show the morphological evolution of the VOPc films. When the substrate 
temperature is 130 the VOPc film shows the relatively small grains. When the 
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substrate temperature is increased to 150 °C and 170 the grain size increases 
while the roughness of the film decreases [Figs. 3.2 (b) and (c)]. Terraces are clearly 
seen on the grains of the film at a substrate temperature of 170 indicating that the 
layer-by-layer growth of the grains is dominated and the VOPc film is highly 
crystallized. When the substrate temperature is further increased to 190 °C, terraces 
are still seen on some large grains, but the roughness of the VOPc film increases. 
Some small "rugged" grains appear [Fig. 3.2 (d)]. Pin-holes can be seen near these 
small "rugged" gains, which are ascribed to desorption of VOPc molecules deposited 
at the high substrate temperature. 
The morphologies of VOPc thin films are also dependent on the deposition rate. 
Figures 3.2 (e) and 2(f) show the morphologies of the VOPc films deposited at a 
fixed substrate temperature of 170 with the deposition rates of 1.0-1.5 A/s and 
4.5-5.5 A/s. Although terraced grains can be found on VOPc films deposited at a low 
deposition rate of 0.1-0.2 A/s, this morphological feature disappears when the 
deposition rate is increased to 1.0-1.5 A/s and 4.5-5.5 A/s, even though the substrate 
temperature is still kept at 170 
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Fig. 3.2 1 |im X 1 (xm AFM images of 30 nm-thick VOPc thin films grown on SiO: 
dielectric at a substrate temperature and a deposition rate of: (a) 130 0.1-0.2 A/s, 
(b) 150 0.1-0.2 A/s, (c) 170 0.1-0.2 A/s, (d) 190 0.1-0.2 A/s, (e) 170 
1.0-1.5 A/s, (f) 170 4.5-5.5 A/s. 
* 
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The difference in the morphologies of the VOPc films deposited under the 
different process conditions can be explained from a microscopic perspective of the 
film growth. During the growth of VOPc films, VOPc molecules largely experience 
a process of adsorption, desorption and diffusion before they finally locate on certain 
sites of the substrate [9,10]. If the substrate temperature is appropriately high, the 
VOPc molecules can have enough energy to diffuse and arrange their positions to 
assemble in a highly steric order, forming the terraced structures. But when the 
substrate temperature is too high, strong desorption can impede the formation of 
terraced structures. It is also important to have a low deposition rate so as for 
molecules to have sufficient time to diffuse and adjust their positions to form the 
layer-by-layer growth. If the deposition rate is too high, there is a limited period of 
time for molecules to diffuse and arrange their positions, and they may become 
pinned in position by the subsequently impinging molecules. Therefore, a 
combination of an appropriately high substrate temperature and a low deposition rate 
will facilitate to achieve terraced grains for VOPc films. 
Although VOPc films deposited under different process conditions show 
different morphologies, XRD patterns (Fig. 3.3) of all the VOPc films display only 
one predominant diffraction peak at 20=7.5°, which is corresponding to a lattice 
spacing of 1.2 nm. Among these VOPc films, the film deposited at a substrate 
temperature of 1 7 0 � C and a deposition rate of 0.1-0.2 A/s has the highest diffraction 
peak, matching well with the AFM result that the VOPc film deposited at this 
condition has the largest terraced grains，and confirming that the VOPc film is highly 
crystallized. 
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Fig. 3.3 XRD of 30 nm-thick VOPc films grown on SiO! at a substrate temperature 
and a deposition rate of: (a) 130 0.1-0.2 A/s, (b) 150 °C，0.1-0.2 A/s, (c) 170 
0.1-0.2 A/s, (d) 190 0.1-0.2 A/s, (e) 170 °C，1.0-1.5 A/s, (f) 170�C, 4.5-5.5 A/s. 
Table 3.1 Performance of VOPc OTFTs with VOPc deposited under different conditions. 
^ ,. . . Substrate temp. Deposition Rate Mobil i ty ^ , ^^  . 
Gate dielectric On/off ratio 
(°C) (A/s) (cmW-s) 
SiOj 130 0.1 -0.2 0.01 -0.02 ~ 10^ 
Si02 150 0.1 -0 .2 0.02 - 0.03 ~ 10^ 
SiOz 170 0.1 -0 .2 0.04 - 0.06 ~ lO'' 
SiOj - 190 0.1 -0.2 0.01 -0.02 ~ 10^ 
Si02 170 1.0- 1.5 0.02 - 0.03 ~ lO" 
SiOa 170 4.5 - 5.5 0.02 - 0.03 � l O " 
TazOs 150 0.1 -0.2 0.05 -0.10 ~ lO" 
AljOj/SiOa 150 0.1 -0 .2 0.06-0.14 ~ 10^ 
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Performance of the OTFTs based on the VOPc films deposited on Si02 is 
summarized in Table 3.1. The field-effect mobilities of the OTFTs are calculated 
using the formula for the saturation region [11]. As shown in Table 3.1, a 
combination of the substrate temperature of 170 °C and the deposition rate of 0.1-0.2 
A/s gives the highest mobility of 0.04-0.06 cm^A^-s for VOPc OTFTs with the gate 
dielectric of Si02. Figures 3.4(a) and (b) give the output and transfer characteristics 
of a VOPc OTFT showing a mobility of 0.06 cm^A^-s. The high mobility is closely 
correlated to the morphological characteristics of the VOPc film deposited at such a 
process condition. The VOPc film exhibits highly-crystallized terraced grains, which 
promote fast carrier transport within the grains. Moreover, the terraced grains are 
closely packed to form effective conduction pathways among the grains. The on/off 
ratio of the VOPc OTFTs is about which is expected to increase when the 
purification process of VOPc is further optimized. 
It is also shown in Table 3.1 that the mobilities of VOPc OTFTs are 
unambiguously dependent on the deposition process conditions of VOPc films. The 
highest mobility of VOPc OTFT with Si02 dielectric was achieved when VOPc was 
deposited at a substrate temperature of 170 and the deposition rate of 0.1—0.2 A/s. 
When the substrate temperature was increased to 190 or the deposition rate was 
increased to 1.0-1.5 A/s, the mobility of the VOPc OTFT dropped by more than 50% 
[a comparison of the transfer characteristics of the VOPc OTFTs with three different 
deposition conditions is shown in Fig. 3.4(c)], well consistent with the AFM results 
that the growth of the large closely-packed terraced VOPc grains on Si02 dielectric 
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was only obtained when the substrate temperature and the deposition rate were 
carefully controlled within the small process window. 
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Fig. 3.4 (a) Output and (b) transfer characteristics of an OTFT based on VOPc thin 
film grown on Si02 dielectric at substrate temperature of 170 °C and a deposition 
rate of 0.1-0.2 A/s; (c) A comparison of transfer curves of OTFTs based on VOPc 
thin films grown on SiCh dielectric at substrate temperature and deposition rate: 170 
"C & 0.1-0.2 A/s, 190�C & 0.1-0.2 A/s, and 1 7 0 � € & 1.0-1.5 A/s. 
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3.2.2 Growth ofVOPc on TaaOs and AhCVSiO� dielectrics 
In addition, the growth of the VOPc films on TaiOs and AbOa/SiOi dielectrics 
was also studied. On these two substrates, the VOPc films can also have closely-
packed terraced grains at an appropriately high substrate temperature and a low 
deposition rate. Figures 3.5(a) and (b) show the morphologies of 30 nm (nominal 
thickness) VOPc films with the terraced grains grown on TaaOs and AlzCySiO� at a 
substrate temperature of 150 and a deposition rate of 0.1-0.2 A/s. The VOPc films 
on these two substrates exhibit larger and more regular (square-shaped or triangle-
shaped) grains than those on Si02 dielectric under the same process condition, 
implying the different molecule-dielectric interactions. Consequently the VOPc 
OTFTs with TaaOs and AbCVSiCb dielectrics show higher mobilities of 0.05-0.10 
cm2/V.s and 0.06-0.14 cm^A^-s, respectively. Figures 5(c) and 5(d) give the output 
and transfer characteristics of a VOPc OTFT with TaaOs dielectric, having a mobility 
of 0.10 cm2/V.s. Figures 3.5(e) and 3.5(f) give the output and transfer characteristics 
of a VOPc OTFT with AlzCVSiO? dielectric, having a mobility of 0.14 cm^A^-s. To 
the best of our knowledge, these mobilities were comparable the highest mobilities 
for M-Pc-based OTFTs before the midst of 2007. XRD patterns (Fig. 3.6) of the 
VOPc films on these two dielectrics also display only one predominant diffraction 
peak at 20=7.5°, indicating VOPc molecules have similar highly-ordered packing as 
they exhibit on Si02 dielectric. On these two dielectrics, when the substrate 
temperature is increased to 170 pin-holes appear near small “rugged” grains. 
As a result, the mobilities of the VOPc OTFTs slightly decrease. 
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Fig.3.5 1 |am X 1 |j,m AFM images of 30 nm-thick VOPc thin films grown on (a) 
Ta205 and (b) AliOs/SiO� dielectrics at substrate temperature of 1 5 0 � C and 
deposition rate of 0.1—0.2 A/s; (c) Output and (d) transfer characteristics of a 
corresponding VOPc OTFT with TasOs dielectric; (e) Output and (f) transfer 
characteristics of a corresponding VOPc OTFT with AlaOs/SiO! dielectric. 
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It should be pointed out that morphology of organic thin films is only one of the 
factors to affect the overall mobilities of OTFTs. The mobilities of OTFTs also 
depends on other factors, e.g., the polarization effects of gate dielectrics which can 
impede charge transport [12,13]. Charge transport in our VOPc OTFTs with high-A; 
Ta205 or AI2O3 dielectric may suffer from the polarization effects. Thus it is 
expected that the mobilities of VOPc OTFTs would be further improved by using 
appropriately selected self-assembled monolayers (SAMs) to minimize the 
polarization effects. 
More importantly, VOPc OTFTs show good environmental stability. We stored 
VOPc OTFTs in laboratory ambient for about 6 months and found that the mobilities 
of the devices decreased by about 40% and on/off ratio decreased by about one order. 
Furthermore, VOPc OTFTs also exhibit good temperature stability. We stored VOPc 
OTFTs in vacuum at a temperature of � 1 2 0 for 3 days, and found that the 
mobilities and on/off ratio of the VOPc OTFTs did not change significantly. 
43 
Chapter 3 Optimizing the Growth of VOPc Thin Films for High-Mobility OTFTs 
(/) I c 
1 � l A (a) 
� i . (b) 
5 10 15 20 25 
29 
Fig. 3.6 XRD of 30 nm-thick VOPc thin films grown on (a) Ta205 dielectric at a 
substrate temperature of 150 °C and a deposition rate of 0.1-0.2 A/s, and (b) 
Al203/Si02 dielectric at a substrate temperature of 150 and a deposition rate of 
0.1-0.2 A/s. 
3.3 Conclusion 
In conclusion, VOPc films with closely-packed terraced grains were obtained on 
Si02, TaaOs and Al203/Si02 gate dielectrics by carefully selecting the substrate 
temperature and the deposition rate. The OTFTs based on VOPc active layers with 
terraced-grain morphology show high mobilities of 0.04-0.06 cm /V.s for the OTFT 
with Si02 dielectric, 0.05-0.10 c m ^ - s for the OTFT with Ta205 dielectric, and 
0.06—0.14 cm2/V.s for the OTFT with AbCVSiCb dielectric. The high mobility along 
with the merits of good stability and low cost makes VOPc a promising candidate for 
applications in organic electronics. 
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Chapter 4 
CuPc/CoPc and VOPc/CoPc p-type/p-type 
Heterostructure OTFTs 
In recent years great efforts have been made to improve the performance of 
OTFTs by synthesizing new organic semiconductors [1,2], optimizing fabrication 
process [3,4], and employing new device structures [5, 6]. On the research of device 
structures, organic heterostructure, with one layer of /?-type organic semiconductor 
and another layer of w-type organic semiconductor, is popularly used to achieve 
ambipolar device performance [6-9]. Besides /7-type/«-type organic heterostructure, 
in 2004 Yan et al reported that a p-typeZ/^-type heterostructure OTFT, CuPc/CoPc 
OTFT, could have better performance than that of CuPc or CoPc OTFT [5]. Van's 
CuPc/CoPc OTFT has a sandwich configuration with two active layers: top CoPc 
layer and bottom CuPc .layer. Gold source/drain electrodes are sandwiched between 
bottom CuPc and top CoPc layers. Figure 4.1 shows the schematics of a top-contact 
CuPc OTFT, a top-contact CoPc OTFT, and a CuPc/CoPc OTFT in sandwich 
configuration. Compared with the conventional top-contact CuPc OTFT, the 
CuPc/CoPc sandwich configuration improved the mobility from 0.04 cm^A^-s to 0.11 
cm2/V.s, reduced the threshold voltage from -13.8 V to -8.9 V, and maintained the 
on/off current ratio at a level of 10^  [5]. However, the mechanism of Yan's 
CuPc/CoPc OTFT remains elusive so far. 
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In this chapter, the mechanism of Van's CuPc/CoPc OTFT in sandwich 
configuration is explored. Electrical characterization on CuPc/CoPc heterostmcture 
indicates that there is a mismatch of the energy levels between CuPc and CoPc. 
Based on this argument, a double-channel model is proposed to explain the high 
mobilities of the CuPc/CoPc OTFTs. Experimental results supporting the double-
channel model are shown, and implications for designing high-performance 
heterostmcutre OTFTs are also discussed. 
Besides CuPc/CoPc OTFTs in sandwich configuration, VOPc/CoPc OTFTs in 
sandwich configuration are also found to have the improved performance as 
compared with that of top-contact VOPc OTFTs. 
r w ] 旧 n ^ rTun r j i n FTUI 
CuPc CuPc I CoPc 
TagOs TOaOs To-Os 
n— Si I n++ Si 
0.11 c m " Vs 0.04 cnr /Vs 0.01 cinVVs 
(a) (b) (c) 
Fig. 4.1 Schematics of (a) a CuPc/CoPc OTFT in sandwich configuration, (b) a top-
contact CuPc OTFT, and (c) a top-contact CoPc OTFT. 
4.1 CuPc/CoPc OTFTs in sandwich configuration 
4.1.1 Experimental 
To acquire the information of energy levels of CuPc and CoPc, a series of 
ITO/M-Pc film/Al devices were fabricated, whose schematics are shown in Figs. 4.2 
(a), (d), (g), and (j). In these devices, CuPc and CoPc were deposited at a substrate 
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temperature of room temperature and a deposition rate of 2-3 A/s. Current-voltage 
(J-V) and capacitance-voltage (C-V) measurements were conducted among these 
devices in vacuum and in the dark. 
500-nm TazOs film was used as the gate dielectric for the OTFTs in this chapter. 
In CuPc/CoPc OTFTs, the nominal thickness of the bottom CuPc layer is 30 nm and 
the nominal thickness of top CoPc layer is 50 nm. CuPc layer was deposited at a 
substrate temperature of 150 and a deposition rate of 0.1-0.2 A/s. CoPc layer was 
deposited at different substrate temperatures and deposition rates to achieve the best 
device performance. 30-mn gold source/drain electrodes were deposited through 
shadow mask and sandwiched between CuPc layer and CoPc layer. The channel 
length and width of the OTFTs were 110 |am and 2600 [im, respectively. As for 
comparison, top-contact CuPc or CoPc OTFTs were also fabricated, where CuPc or 
CoPc was deposited with the same deposition process for CuPc/CoPc OTFTs. 
4.1.2 Results and discussion 
(a) J-V and C-K characterization on the ITO/organic film/Al devices 
J - F curves of the ITO/organic film/Al devices is shown in Figs. 4.2 (b), (e), (h), 
and (k). The current density J of the ITO/CoPc(l 50nm)/CuPc(l 50nm)/Al device 
under a forward bias lOV is more than one order lower than that of other devices, 
indicating that an energy barrier should exist when holes transport from CoPc to 
CuPc. Additionally, the forward J -K curves in Figs. 4.2 (b) and (e) have two regimes: 
a low-current regime with weak voltage dependence and a high-current regime with 
a steeper current rise. A tum-on voltage Vt can be defined between the two regimes. 
VT of the ITO/CoPc(300 nm)/Al device is ~4V lower than that of the ITO/CuPc(300 
nm)/Al device. It is well known that VT of these types of devices has a close 
48 
Chapter 4 CuPc/CoPc and VOPc/CoPc i^-type/P-type Heterostructure OTFTs 
relationship with energy barrier between electrodes and organic thin films. The 
difference of VT suggests that there is a smaller energy barrier for hole injection at 
the ITO/CoPc interface than at the ITO/CuPc interface. Therefore it can be deduced 
that CoPc should have a lower HOMO level than that of CuPc. 
C-V characterization supports that CoPc should have a lower HOMO level than 
that of CuPc. C-F curve of the ITO/CoPc(l 50nm)/CuPc(l 50mn)/Al device [Fig. 4.3 
(1)] has a peak in reverse bias regime, while C-F curve of ITO/CuPc(300 nm)/Al [Fig. 
4.3 (c)]，ITO/CoPc(300 nm)/Al [Fig. 4.3 (f)] and ITO/CuPc(150 nm)/CoPc(150 
mn)/Al [Fig. 4.3 (i)] do not show such a peak. If HOMO level of CoPc was lower 
than that of CuPc, the HOMO offset between CuPc and CoPc should influence the 
distribution of charge carriers at the interface of CuPc/CoPc, causing accumulation 
of holes in CoPc and depletion of holes in CuPc at the interface of CuPc/CoPc. 
Therefore application of certain negative bias on ITO electrode could eliminate the 
depletion region in CuPc and cause a peak in C-F curve. 
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Fig. 4.2 (a) Schematic of a ITO/CuPc(300 nm)/Al device, (b) Current-voltage {J-V) 
characteristic of the ITO/CuPc(300 nm)/Al device, (c) Capacitance-voltage {C-V) 
characteristic of the ITO/CuPc(300 nm)/Al device, (d) Schematic of a ITO/CoPc(300 
nm)/Al device, (e) J - F of the ITO/CoPc(300 nm)/Al device, (f) C-F characteristic of 
the ITO/CoPc(300 nm)/Al device, (g) Schematic of a ITO/CuPc(150 nm)/CoPc(150 
nm)/Al device, (h) J-V characteristic of the ITO/CuPc(150 nm)/CoPc(150 nm)/Al 
device, (i) C-F characteristic of the ITO/CuPc(150 iim)/CoPc(150 nm)/Al device, (j) 
Schematic of a ITO/CoPc(150 nm)/CuPc(150 nm)/Al device, (k) J - F characteristic of 
the ITO/CoPc(150 nm)/CuPc(150 nm)/Al device. (1) C-V characteristic of the 
ITO/CoPc(150 nm)/CuPc(150 nin)/Al device. 
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Based on J-V and C-V results, the proposed schematic energy diagram of the 
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Fig. 4.3 Proposed energy diagram of the CuPc/CoPc interface. 
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Fig. 4.4 XRD spectra of 30 nm-thick CuPc film, 30 nm-thick CoPc film, and 30 nm-
thick CuPc/50 nm-thick CoPc film. 
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(b) XRD measurements on CuPc, CoPc, and CuPc/CoPc films 
Fig. 4.4 shows the XRD measurements on the 30 nm-thick CuPc, 30-nm thick 
CoPc and 30 run-thick CuPc/50 nm-thick CoPc films, which were deposited at a 
substrate temperature of 150 and a deposition rate of 0.1-0.2 A/s. XRD results 
indicate that CuPc and CoPc films have very similar a-phase molecular packing. 
This characteristic is expected to contribute to low trap density at the interface of 
CuPc/CoPc. 
(c) Double-channel model for CuPc/CoPc OTFTs 
Based on the above characterization, a double-channel model is proposed to 
explain the high mobility of CuPc/CoPc OTFTs: there exist two channels in 
CuPc/CoPc OTFTs (Fig. 4.5). One channel is at the bottom of CuPc, and the other 
channel is at the interface of CoPc/CuPc due to the mismatch of energy levels 
between CuPc and CoPc. The CuPc/CoPc interface channel can be a faster channel 
for two possible reasons: (i) the trap density in the CuPc/CoPc interface channel 
could be lower than that in the bottom CuPc channel, because top CoPc layer and 
bottom CuPc layer can have very similar molecular packing; (ii) high carrier 
concentration could be formed at the interface of CuPc/CoPc due to the mismatch of 
energy levels, like the case of 2DEG or 2DHG formed at the interface of inorganic 
heterostructure [10,11], High carrier concentration can contribute to high mobilities 
of OTFTs [12-14]' 
Two experimental results were found to support the double-channel model: 
(i) The CuPc/CoPc OTFTs can show obvious field-dependent mobilities. Figure 
4.6 (d) gives the transfer characteristic of a CuPc/CoPc OTFT in sandwich 
configuration (CuPc layer was deposited at a substrate temperature of 150 °C and a 
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deposition rate of 0.1-0.2 A/s. CoPc layer was deposited at a substrate temperature 
of 90 °C and a deposition rate of 4.5-5.5 A/s). The transfer characteristic clearly 
exhibits two regimes: larger current-voltage dependence at low gate voltage 
(9V<|FG|<18V), and smaller current-voltage dependence at high gate voltage 
(20V<|KG|<50V). Thus it can be inferred that the CuPc/CoPc OTFT has lower 
mobilities at high gate voltage (20V<FG<50V) than at low gate voltage 
(9V<FG<18V). Yan's CuPc/CoPc OTFT in sandwich configuration also had such 
field-dependent mobilities [5]. 
/ \ / \ CoPc 
_ _ S D 
® CuPc ® 
Fig. 4.5 Double-channel model for CuPc/CoPc OTFTs in sandwich configuration. 
This phenomenon can be well explained by the double-channel model. Based on 
the double-channel model, more percentage of charge carriers would reside at the 
CuPc/CoPc interface channel (a fast channel as compare to the bottom CuPc channel) 
at low gate voltage. But when the gate voltage increases to certain value, the energy 
barrier at the interface of CuPc/CoPc could not hold more charge carriers and more 
percentage of charge carriers would transfer to the bottom CuPc channel (a relatively 
slow channel). Thus the CuPc/CoPc OTFT would show field-dependent mobilities. 
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(ii) Deposition of the top CoPc layer in CuPc/CoPc OTFTs can greatly influence 
the mobilities of CuPc/CoPc OTFTs. Figs. 4.7 (b) and (c) show the morphologies of 
two CuPc/CoPc heterojunctions with the same CuPc but different CoPc. Fig. 4.6 (e) 
compares the transfer characteristics of the two CuPc/CoPc OTFTs. It is well known 
that the conduction channel of normal OTFTs only resides in the first several 
nanometeros above the gate dielectric [15-18]. However, in CuPc/CoPc OTFTs, the 
deposition of top CoPc layers, which is 30-nm (nominal distance) away from the gate 
dielectric, can still greatly influence the mobilities. 
This phenomenon can also be explained by the double-channel model. 
According to the model, holes should reside in CoPc at the interface of CuPc/CoPc. 
Therefore the morphology of CoPc layer would influence the mobilities of 
CuPc/CoPc OTFTs. It can be seen from Figs.4.7 (b) and (c) that CoPc deposited at 
90 and 4.5-5.5 A/s has more closely-packed grains than CoPc deposited at 150 
and 0.1-0.2 A/s. Correspondingly, Fig. 4.6 (e) shows that the CuPc/CoPc OTFT A 
with CoPc deposited at 90 and 4.5-5.5 A/s has higher mobilities than CuPc/CoPc 
OTFT B with CoPc deposited at 150 and 0.1-0.2 A/s. 
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Fig. 4.6 (a) Output and (b) transfer characteristics of a top-contact CuPc OTFT, in 
which CuPc was deposited at a substrate temperature of 150 and a deposition rate 
of 0.1—0.2 A/s. (c) Output and (d) transfer characteristics of the CuPc/CoPc OTFT A 
in sandwich configuration. In the CuPc/CoPc OTFT A, the bottom CuPc layer was 
deposited at a substrate temperature of 150 °C and a deposition rate of 0.1-0.2 A/s. 
The top CoPc layer was deposited at a substrate temperature of 90 and a 
deposition rate of 4.5-5.5 A/s. (e) A comparison of the transfer characteristics of a 
CuPc OTFT and two CuPc/CoPc OTFTs in sandwich configuration. For CuPc/CoPc 
OTFT B, its fabrication was the same as CuPc/CoPc OTFT A, except that its top 
CoPc layer was deposited at a substrate temperature of 150 and a deposition rate 
of 0.1-0.2 A/s. 
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Fig. 4.7 1 |j,m X 1 jim AFM images of: (a) 30-nm CuPc grown on Ta205 at a 
substrate temperature of 150 °C and a deposition rate of 0.1-0.2 A/s. The 30-nm 
CuPc is the bottom layer for the 30-mn CuPc/50-nm CoPc heterostructure; (b) 30-nm 
CuPc/50-nm CoPc heterostructure grown on TaiOs. The top CoPc layer was 
deposited at a substrate temperature of 90 °C and a deposition rate of 4.5-5.5 A/s; (c) 
30-nm CuPc/50-nm CoPc heterostructure grown on Ta205. The top CoPc layer was 
deposited at a substrate temperature of 150 °C and a deposition rate of 0.1-0.2 A/s. 
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4.1.3 Conclusion 
J-V and C-V characterization on ITO/organic film/Al devices shows that there 
should be a mismatch of energy levels at the interface of CuPc/CoPc. XRD 
measurement shows that CuPc and CoPc can have very similar molecular packing in 
CuPc/CoPc OTFTs. A double-channel model was proposed to explain the high ‘ 
performance of CuPc/CoPc OTFT in sandwich configuration, and experimental 
results supporting the double-channel model were also provided. 
4.2 VOPc/CoPc OTFTs 
4.2.1 Experimental 
To attain the information about the HOMO energy levels of VOPc and CoPc, 
ITO/VOPc(300 nm)/Al and ITO/CoPc(300 nm)/Al devices were fabricated, whose 
schematics are shown in Figs. 4.8 (a) and (b), respectively. In these devices, VOPc 
and CoPc were deposited at a substrate temperature of room temperature and a 
deposition rate of 2-3 A/s. Current-voltage {J-V) and capacitance-voltage {C-V) 
measurements were performed on these devices in vacuum and in the dark. 
Fabrication process of VOPc/CoPc OTFTs is similar as the fabrication process 
of CuPc/CoPc OTFTs (Section 4.1.1). The bottom VOPc layer was deposited on 
Ta205 at a substrate temperature of 150 °C and a deposition rate of 0.1-0.2 A/s to 
achieve high mobilities (see Chapter 3). The top CoPc layer was deposited at 
different substrate temperatures and deposition rates to gain the best device 
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performance. Both the top-contact configuration and the sandwich configuration 
were explored for VOPc/CoPc OTFTs. 
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Fig. 4.8 (a) Schematic of a ITO/CoPc(300 mn)/Al device, (b) Schematic of a 
ITO/VOPc(300 nm)/Al device, (b) Comparison between the current-voltage (J-V) 
characteristics of the ITO/CoPc(300 nm)/Al and the ITO/VOPc(300 nm)/Al devices. 
4.2.2 Results and discussion 
(a) / - F characterization on the ITO/VOPc/Al and ITO/CoPc/Al devices 
J - F curves of the ITO/VOPc(300 nm)/Al and ITO/CoPc(300 nm)/Al devices are 
shown in Fig. 4.8 (c). The forward J-V curves have two regimes: a low-current 
regime with weak voltage dependence and a high-current regime with a steeper 
current rise. A tum-on voltage Vt can be defined between the two regimes. Vt of the 
ITO/CoPc(300 nm)/Al device is � 6 V lower than that of the ITO/VOPc(300 nm)/Al 
device. It is well known that Vt of these types of devices has a close relationship with 
energy barrier between electrodes and organic thin films. The difference of Vt 
suggests that there is a smaller energy barrier for hole injection at the ITO/CoPc 
interface than at the ITO/VOPc interface. Therefore it indicates that CoPc should 
have a lower HOMO level than that of VOPc. The proposed schematic energy 
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diagram of the VOPc/CoPc interface is sketched in Fig.4.9. Based on the above 
analysis, it is plausibly postulated that the double-channel model may also be 
applicable for VOPc/CoPc OTFTs. 
ELUMO V ^ F L Z ^ O 
VOPc CoPc 
… … … - " T 
EHOMO LHOMO 
Fig. 4.9 Proposed energy diagram of the VOPc/CoPc interface. 
(b) VOPc/CoPc OTFTs in top-contact and sandwich configurations 
VOPc/CoPc OTFTs in top-contact and sandwich configurations were fabricated. 
For the VOPc/CoPc OTFTs in sandwich configuration [whose schematic is 
shown in Fig. 4.11 (b)], they can also have improved mobilities and decreased 
threshold voltage as compared with top-contact VOPc OTFTs [whose schematic is 
shown in Fig. 4.11 (a)] when the top CoPc layer is deposited at a substrate 
temperature of 90 and a deposition rate of 4.5-5.5 A/s. The VOPc/CoPc OTFTs in 
sandwich configuration showed mobilities of 0.07—0.16 cm^A^-s, higher than the 
mobilities of 0.05-0.10 cm^A^-s for the top-contact VOPc OTFTs. Figures 4.12 (c) 
and (d) show the output and transfer characteristics of a VOPc/CoPc OTFT in 
sandwich configuration, which shows a mobility of 0.16 cm^A/'-s. For comparison, 
figures 4.12 (a) and (b) show the output and transfer characteristics of a top-contact 
VOPc OTFT, which shows a mobility of 0.10 cm^A^-s. 
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Fig. 4.10 1 |im X 1 j^ m AFM images of: (a) 30-mn VOPc grown on TaiOs at a 
substrate temperature of 150 °C and a deposition rate of 0.1-0.2 A/s. The 30-nm 
VOPc is the bottom layer for the VOPc(30 nm)/CoPc(50 nm) heterostructure; (b) 
VOPc(30 nm)/CoPc(50 nm) heterostructure grown on TaiOs. 50-nm CoPc was 
deposited at a substrate temperature of 90 °C and a deposition rate of 4.5-5.5 A/s. 
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Fig. 4.11 Schematics of (a) a top-contact VOPc OTFT, (b) a VOPc/CoPc OTFT in 
sandwich configuration, and (c) a top-contact VOPc/CoPc OTFT. 
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Fig. 4.12 (a) Output and (b) transfer characteristics of a top-contact VOPc OTFT, in 
which VOPc was deposited at a substrate temperature of 150 °C and a deposition rate 
of 0.1-0.2 A/s. (c) Output and (d) transfer characteristics of a VOPc/CoPc OTFT in 
sandwich configuration, in which VOPc was deposited as it was for the top-contact 
VOPc OTFT, and CoPc was deposited at a substrate temperature of 90 °C and a 
deposition rate of 4.5-5.5 A/s. (e) Output and (f) transfer characteristics of a top-
contact VOPc/CoPc OTFT, in which VOPc or CoPc was deposited as it is for the 
VOPc/CoPc OTFT in sandwich configuration. 
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Fig. 4.13 A comparison of the transfer characteristics of the top-contact VOPc OTFT, 
the VOPc/CoPc OTFT in sandwich configuration, and the top-contact VOPc/CoPc 
OTFT. 
Figure.4.10 show the morphologies of the VOPc layer (VOPc was deposited at a 
substrate temperature of 150 °C and a deposition rate of 0.1-0.2 A/s), and the 
VOPc/CoPc heterostructure (CoPc was deposited at a substrate temperature of 90 °C 
and a deposition rate of 4.5-5.5 A/s). When the top CoPc layer was deposited using 
the same process par啊eters for bottom VOPc layer, the VOPc/CoPc OTFTs in 
sandwich configuration do not show improved mobilities as compared with those of 
top-contact VOPc OTFTs. This phenomenon can also be explained by double-
channel model [refer to Section 4.1.2], 
VOPc/CoPc OTFTs in top-contact configuration [whose schematic is shown in 
Fig. 4.11 (c)] were also fabricated. Deposition of VOPc and CoPc layers in the top-
contact VOPc/CoPc OTFTs was the same as it was for VOPc/CoPc OTFTs in 
sandwich configuration. Figures 4.12 (e) and (f) show the output and transfer 
characteristics of a top-contact VOPc/CoPc OTFT. The top-contact VOPc/CoPc 
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OTFTs show a large leakage current of |0.2|-|0.4| |aA at the drain voltage of -80 V, 
about one order higher of the leakage current of |0.01|-|0.04| \iA for VOPc/CoPc 
OTFTs in sandwich configuration. Figure 4.13 compares the transfer characteristics 
of a top-contact VOPc OTFT, a VOPc/CoPc OTFT in sandwich configuration, and a 
top-contact VOPc/CoPc OTFT. 
The large leakage current of the top-contact VOPc/CoPc OTFTs can also be 
explained by the double-channel model. Based on the model, there should be a 
VOPc/CoPc interface channel in VOPc/CoPc OTFTs and holes could be induced in 
the interface channel by the mismatch of energy levels even when the gate voltage is 
not applied. For the top-contact configuration, the gold electrodes operate as "top-
contact" to the VOPc/CoPc interface channel and can "feel" the holes induced at the 
interface channel. But for the sandwich configuration, the gold electrodes operate as 
"bottom-contact" to the VOPc/CoPc interface channel. Large contact resistance 
caused by "bottom-contact" problem could block the VOPc/CoPc interface channel 
and therefore only "feel" a small leakage current. 
4.2.3 Conclusion 
J-V characterization on ITO/VOPc/Al and ITO/CoPc/Al devices shows that 
there should be a mismatch of energy levels at the interface of VOPc/CoPc. The 
double-channel model was also used to explain the high performance of VOPc/CoPc 
OTFT in sandwich configuration and the difference between VOPc/CoPc OTFTs in 
sandwich configuration and in top-contact configuration. 
63 
Chapter 4 CuPc/CoPc and VOPc/CoPc i^-type/P-type Heterostructure OTFTs 
References 
[1] H. E. Katz, Z. Bao, S. L. Gilat, Acc. Chem. Res. 34 (2001): 359. 
[2] R. J. Chesterfield, C. R. Newman, T. M. Pappenfus, P. C. Ewbank, M. H. 
Haukaas, K. R. Mann, L. L. Miller, and C. D. Frisbie，Adv. Mater. 15 (2003): 1278. 
[3] Z. Bao, A. J. Lovinger, A. Dodabalapur, Appl. Phys. Lett. 69 (1996): 3066. 
[4] D. Knipp, R. A. Street, A. Volkel，et al. J. Appl. Phys. 93 (2003): 347. 
[5] J. Zhang, J. Wang, H. B. Wang, and D. H. Yan, Appl. Phys. Lett. 84 (2004): 142. 
[6] A. Dodabalapur, H. E. Katz, L. Torsi, and R. C. Haddon, Science 269 (1995): 
1560. 
[7] E. Kuwahara, H. Kusai, T. Nagano, T. Takayanagi, and Y. Kubozono, Chem. 
Phys. Lett. 413 (2005): 379. 
[8] S. D. Wang, K. Kanai, Y. Ouchi，and K. Seki，Org. Electron. 7 (2006): 457. 
[9] R. B. Ye, M. Baba, Y. Oishi, I. Mori，and K. Suzuki, Appl. Phys. Lett. 86 (2005): 
253505. 
[10] M. Zervos, A. Kostopoulos, G. Constantinidis, M. Kayambaki, and A. 
Georgakilas, J. Appl. Phys. 91 (2002): 4387. 
[11] T. Egawa, G. Y. Zhao, H. Ishikawa, M. Umeno, T. Jimbo, IEEE. Trans. 
Electron Devices. 48 (2001): 603. 
[12] C. D. Dimitrakopoulos, D. J. Mascaro, IBM J. Res. & Dev. 45 (2001): 11. 
[13] D. Guo, T. Miyadera, S. Ikeda, T. Shimada, and K. Saiki, J. Appl. Phys. Lett. 
102 (2007): 0 2 3 7 0 6 . 
[14] A. D. Meyertholen, Z. Q. Li, D. N. Basov，M. M. Fogler, M. C. Martin, G. M. 
Wang, A. S. Dhoot, D. Moses and A. J. Heeger，Appl. Phys. Lett. 91 (2007): 151. 
64 
Chapter 4 CuPc/CoPc and VOPc/CoPc i^-type/P-type Heterostructure OTFTs 
[15] Sony Semiconductor Kyushu Corporation Kumamoto Technology Center, CX-
NEWS 38 (2006). 
[16] F. Dinelli, M. Murgia, P. Levy, M. Cavallini, F. Biscarini, and D. M. de Leeuw, 
Phys. Rev. Lett. 92 (2004): 116802. 
[17] R. Ruiz, A. Papadimitratos, A. C. Mayer and G. G. Malliaras, Adv. Mater. 17 
(2005): 1795. 
[18] J. Qao, J. B. Xu, M. Zhu, N. Ke, and D. Ma, J. Phys. D: Appl. Phys. 40 (2007): 
5666. 
65 
Chapter 5 VOPc/FieCuPc i^-type/A^-type Heterostructure OTFTs 
Chapter 5 
V O P c / F I 6 C u P c P-type/7V-type Heterostructure OTFTs 
In recent years great efforts have been made to improve the mobilities of OTFTs. 
Up to date the mobilities of ^-channel OTFTs have reached 6 cm^A '^-s and the 
mobilities of p-channel OTFTs have reached 10 cm^fV-s [1,2]. Unlike inorganic 
TFTs, most OTFTs can only work in accumulation mode, but not in inversion mode. 
Consequently it is difficult to achieve both ^-channel and /7-channel outputs in a 
single OTFT device. However, heterostructure OTFTs, with one layer of -type 
organic semiconductor and another layer of «-type organic semiconductor，can have 
both /?-channel and ^-channel outputs. Therefore it is possible to use heterostructures 
in OTFTs to fabricate organic complementary circuits, which are expected to have 
the advantages over low power dissipation as the inorganic counterparts. 
Dodabalapur et al. reported in 1995 that the heterostructure oc-6T/C6o OTFTs 
could show either w-channel or /7-channel output depending on different gate bias [3]. 
After the report, many groups studied the heterostructure OTFTs, e.g., C6o/pentacene 
OTFTs, for the application of low-power complementary circuits and even light 
emission OTFTs [4-11]. CMOS inverter circuits based on heterostructure OTFTs 
were also fabricated [6,7]. 
In the development of M-Pc-based heterostructure OTFTs, CuPc/FieCuPc 
OTFTs were first fabricated and characterized by Yan and Ye [12-16]. They found 
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that the output characteristics (unipolar or ambipolar) of CuPc/FieCuPc OTFTs were 
dependent on the deposition process of M-Pc layers and the thickness of the bottom 
layer in CuPc/FieCuPc OTFTs. 
In this Chapter, p-type VOPc and «-type FieCuPc were selected to fabricate 
VOPc/FieCuPc OTFTs to explore ambipolar properties, because both VOPc and 
F i 6 C u P c can have high mobilities and good stability in air. However the 
VOPc/FieCuPc OTFTs showed only unipolar p-channel behavior, which was 
attributed to structural roughness and the associated properties at the VOPc/FieCuPc 
interface. Application of VOPc/FieCuPc heterostmcture for bottom-contact OTFTs 
was also attempted. 
5.1 Unipolar VOPc/FieCuPc OTFTs 
5.1.1 Experimental 
V0PC/FI6CUPC OTFTS, with the VOPc layer as the bottom active layer and the 
FieCuPc layer as the top active layer, were fabricated. The schematic of a top-contact 
V0PC/FI6CUPC OTFT is shown in Fig 5.1 (a). ABOSCSO nm)/Si02(300 nm) bi-
layered dielectric film was used as the gate dielectric for the OTFTs. In 
V0PC/FI6CUPC OTFTS, the nominal thicknesses of the VOPc layer and the F16CuPc 
layer were 15 nm and 30 nm, respectively. Both VOPc and Fi6CuPc layers were 
deposited at a deposition rate of 0.1-0.2 A/s. The substrate temperature for the 
growth of VOPc was 150 °C, because at this substrate temperature closely-packed 
terraced grains with high mobilities could be produced (see Chapter 3). The substrate 
temperature for the growth of Fi6CuPc was room temperature, 90 °C and 150 30-
nm gold electrodes were deposited on the top of the V0Pc/Fi6CuPc heterostmcture 
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to form the top-contact configuration. The channel length and width of the OTFTs 
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Fig. 5.1 (a) Schematic diagram of a VOPc/FiaCuPc OTFT (top-contact 
configuration), (b) Output and (c) transfer characteristics of a VOPc/FieCuPc OTFT 
(FieCuPc deposited at room temperature) under the negative gate voltage and drain 
voltage, (d) Output and (e) transfer characteristics of the VOPc/FieCuPc OTFT under 
the positive gate voltage and drain voltage. 
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5.1.2 Results and discussion 
Surprisingly, the experimental results of the VOPc/FieCuPc OTFTs show only 
the unipolar p-channel output, but not the expected ambipolar output. Figures 5.1 (b) 
and (c) show the output and transfer characteristics of a V0Pc/Fi6CuPc OTFT ‘ 
(FI6CUPC deposited at room temperature) under negative gate voltage and drain 
voltage. Figures 5.1 (d) and (e) show the output and transfer characteristics of the 
same device under the positive gate voltage and drain voltage. 
Threshold voltage Vt of the p-channel characteristics of the V0Pc/Fi6CuPc 
OTFTs (FieCuPc deposited at room temperature) was shifted to 16-40 V，whereas Vj 
of the VOPc OTFTs was (-24H-42) V. A large leakage current of (-4)~(-16) |iA was 
measured when the gate voltage was zero and the drain voltage was -80 V, indicating 
that there were free carriers at the interface of V0Pc/Fi6CuPc even when the gate 
voltage was not applied. The mobilities of the p-channel characteristics of the 
V0PC/FI6CUPC OTFTS (FieCuPc deposited at room temperature) were 0.04-0.1 
cm2/V.s，comparable to the mobilities of 0.06-0.14 cm^A^-s for the top-contact VOPc 
OTFTs (see Chapter 3). 
The expected "-channel output of the V0Pc/Fi6CuPc OTFTs (FieCuPc deposited 
at room temperature) were not observed. It can be found from the output 
characteristic of the VOPc/FigCuPc OTFT [Fig. 5.1 (d)] that the positive drain 
current steeply increases with no saturation when the positive drain voltage increases. 
The drain current also decreases when the gate voltage increases. This transfer 
characteristic is typical for p-type carriers (holes) in OTFTs: when the drain voltage 
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increases, the drain electrode at a certain voltage is more positive than the gate 
electrode. Therefore the gate electrode is negatively biased with respect to the drain 
electrode and holes can be injected. 
For the V0Pc/Fi6CuPc OTFTs with FisCuPc deposited at a temperature of 90 
or 150°C, similar unipolar；?-channel outputs were observed. 
In order to understand device performance of the VOPc/FieCuPc OTFTs, it is 
necessary to clarify the alignment of HOMO and LUMO energy levels at the 
interface of V0Pc/Fi6CuPc. VOPc is a well-known />-type organic semiconductor, 
while FieCuPc is a well-known «-type organic semiconductor. Moreover, the HOMO 
and LUMO energy levels of VOPc should be much lower than those of FieCuPc [17-
19]. As a result, at the interface of V0Pc/Fi6CuPc electrons should tend to 
accumulate in FieCuPc and holes should tend to accumulate in VOPc, leading to the 
bending-down of LUMO level in FieCuPc and bending-up of HOMO level in VOPc 
even when the gate voltage is not applied. Dipoles should also exist at the 
V0PC/FI6CUPC interface, like the case of the CuPc/Fi6CuPc interface [17,18]. The 
proposed schematic energy diagram of VOPc/FieCuPc interface is depicted in Fig. 
5.2 (a). 
Based on the analysis on energy levels, it can be deduced that there exist two 
layers of charge carriers at the interface of V0Pc/Fi6CuPc: one layer of holes reside 
in VOPc and the other layer of electrons in Fi6CuPc. Fig. 5.2 (b) shows a schematic 
of the distribution of the charge carriers in a VOPc/FieCuPc OTFT under a negative 
gate voltage. 
As it is shown in Figs 5.1 (b) and (c), the threshold voltage of V0Pc/Fi6CuPc 
OTFTs is shifted to the positive value and a large leakage current can be observed 
even when the gate voltage is zero. These results are in consistent with the previous 
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analysis that holes induced by the mismatch of energy levels at the V0Pc/Fi6CuPc 
interface should exist even without gate voltage, and also indicate that holes can 
transport efficiently in VOPc at the VOPc/FieCuPc interface. 
It can be found from Figs 5.1 (b)-(e) that the VOPc/FieCuPc OTFTs show only 
the unipolar /?-channel characteristics, suggesting that electrons cannot transport 
efficiently in FieCuPc at the V0Pc/Fi6CuPc interface. 
The reason why electrons can not transport efficiently in Fi6CuPc at the 
VOPc/FieCuPc interface is still under investigation. Here one hypothesis is proposed 
to explain this phenomenon: the top Fi6CuPc layer may not have the sufficient 
continuity due to the influence of the bottom VOPc layer with the largely rugged 
surface. 
Figures 5.3 (a) and (b) show the AFM images of 15 nm-thick VOPc and 30 nm-
thick F i 6 C u P c layer on the VOPc. The surface of the VOPc layer shows relatively 
large roughness as compared with the surface of the A^Os/SiCh dielectric [Fig. 2.2 (c) 
in Chapter 2]. Large ravines can be found at the boundary of the VOPc grains. The 
large undulations of the VOPc surface might influence the continuity of the top 
FieCuPc layer. It can also be found from Fig. 5.3 (b) that FieCuPc grains tend to be 
discontinued at certain sites, which are the boundaries of the VOPc grains. The 
discontinuity of the top FieCuPc layer could interrupt the transport of electrons in 
FieCuPc at the V0Pc/Fi6CuPc interface. 
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Fig. 5.2 (a) Proposed energy diagram of the VOPc/FieCuPc interface. Holes and 
electrons are induced at the V0Pc/Fi6CuPc interface due to the mismatch of energy 
levels, (b) Proposed schematic of the charge transport in a V0Pc/Fi6CuPc OTFT 
under a negative gate voltage. 
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Fig. 5.3 (a) 1 |Lim x 1 fim AFM image of 15 nm-thick VOPc thin film grown on 
Al203/Si02 dielectric at a substrate temperature of 150 °C and a deposition rate of 
0.1-0.2 A/s. (b) 1 |Lim X 1 |im AFM image of 30 nm-thick FieCuPc film grown on 
VOPc (on Al203/Si02) at a substrate temperature of room temperature and a 
deposition rate of 0.1-0.2 A/s. 
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Furthermore, the orientations of the FisCuPc molecules might also be influenced 
by the bottom VOPc layer with the large roughness. Recent report showed that in 
pentacene/F i eCuPc heterostructure the FieCuPc molecules could have different 
orientations: "standing up" on the top of pentacene terraces but "lying down" at the 
step edge of pentacene [20]. Similarly it could be speculated that in the 
VOPc/FieCuPc heterostructure the FieCuPc molecules deposited on the top of VOPc 
grains might also have different orientations as compared with the FieCuPc 
molecules deposited at the grain boundaries of VOPc. The difference in the 
orientations of VOPc molecules could also strongly impede the transport of electrons 
in F i 6 C u P c . 
Moreover, the large roughness of the VOPc surface can also impede charge 
transport along the V0Pc/Fi6CuPc interface. This factor is similar to the case that the 
big roughness of the gate dielectric can greatly impede charge transport along the 
dielectric surface [21,22]. 
5.1.3 Conclusion 
Top-contact VOPc/FieCuPc OTFTs were fabricated and characterized. The 
V0PC/FI6CUPC OTFTS showed only unipolar ；?-channel output. The mobilities of 
V0PC/FI6CUPC O T F T S were 0.04-0.10 cm^A^-S, comparable with those of VOPc 
OTFTs. But the threshold gate voltage of /7-channel was greatly shifted to positive 
values, and a normal-on leakage current could be observed even when the gate 
voltage was zero. The unexpected performance of the V0Pc/Fi6CuPc OTFTs is 
explained by the interface roughness and associated electrical properties of the 
V0PC/FI6CUPC interface. 
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5.2 VOPC/FI6CUPC heterostmcture for bottom-contact OTFTs 
5.2.1 Experimental 
Bottom-contact VOPc/FieCuPc OTFTs were fabricated. 30 nm-thick gold 
source/drain electrodes were deposited on AhOs/SiO: dielectric before the deposition 
of VOPc and FieCuPc films. A 15 nm-thick bottom VOPc layer was deposited at a 
substrate temperature of 150 and a deposition rate of 0.1-0.2 A/s. A 30 nm-thick 
top FieCuPc layer was deposited at a substrate temperature of room temperature and 
a deposition rate of 0.1-0.2 A/s. For comparison, bottom-contact VOPc OTFTs 
(VOPc was deposited with the same process as the VOPc layer in V0Pc/Fi6CuPc 
OTFTs) were also fabricated. Schematics of a bottom-contact VOPc OTFT and a 
bottom-contact VOPc/FieCuPc OTFT are shown in Figs 5.4 (a) and (b), respectively. 
5.2.2 Results and discussion 
Bottom-contact V0Pc/Fi6CuPc OTFTs also show unipolar p-channel output. 
The mobilities of the bottom-contact VOPc/FieCuPc OTFTs were 0.003-0.01 
cm2/V.s，much higher than cm^/V-s of the bottom-contact VOPc OTFTs. 
The threshold voltage of the bottom-contact VOPc/FieCuPc OTFTs was shifted to 
positive values compared with that of the bottom-contact VOPc OTFTs, which is 
attributed to the charge carriers induced at the interface of V0Pc/Fi6CuPc by the 
alignment of energy levels as discussed in Section 5.1.2. Figures 5.4 (c) and (e) show 
the output and transfer characteristics of a bottom-contact VOPc OTFT, while 
figures 5.4 (d) and (f) show the output and transfer characteristics of a bottom-
contact V0PC/FI6CUPC OTFT. 
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Fig. 5.4 (a) Schematic of a bottom-contact VOPc OTFT. (b) Schematic of a bottom-
contact VOPc/FieCuPc OTFT. (c) Output and (e) transfer characteristics of a bottom-
contact VOPc OTFT. (d) Output and (f) transfer characteristics of a bottom-contact 
V0PC/FI6CUPC O T F T . 
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It is well known that bottom-contact OTFTs normally exhibit much poorer 
performance than that of top-contact OTFTs with the same active layers. Structure 
discontinuity between the organic thin films in the vicinity of gold electrodes and on 
dielectrics is widely believed to contribute to the bottom-contact problem (see 
Section 1.4.2 for details). Structural discontinuity is also observed in our bottom-
contact VOPc OTFTs. Figure 5.5 clearly shows that the VOPc film has much smaller 
grains on gold electrode than those on AliOs/SiOi dielectric. 
VOPc on AljOj/SiOj dielectric ！ VOPc on gold electrode 
I 寒 
I 
Fig. 5.5 5 |im x 10 fim AFM image of 15 nm-thick VOPc thin film grown on 
Al203/Si02 dielectric (left side) and gold (right side) at a substrate temperature of 
150 °C and a deposition rate of 0.1-0.2 A/s. 
Deposition of a layer of 30 nm-thick FieCuPc on the top of the bottom-contact 
VOPc OTFTs can acquire the bottom-contact V0Pc/Fi6CuPc OTFTs, which show 
much higher mobilities than those of bottom-contact VOPc OTFTs. 
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The reason why the bottom-contact VOPc/FieCuPc OTFTs can have higher 
mobilities is still under investigation. Here one hypothesis is proposed to explain this 
phenomenon. As discussed in Section 5.1.2, there are two channels of holes in 
VOPc/FieCuPc OTFTs: one channel locates at the bottom of the VOPc layer and the 
other locates at the interface of VOPc/FieCuPc. It is postulated that the transport of 
holes through the interface of V0Pc/Fi6CuPc is less affected by the structural 
discontinuity of the organic thin films. 
Several reports demonstrate that organic molecules can gradually adjust their 
orientations when they grow on gold [23,24]. Just on the gold surface, organic 
molecules tend to "lie down" due to strong interactions between organic molecules 
and gold. But organic molecules can gradually "stand up" after several monolayers. 
XRD spectra in Chapter 3 show that VOPc molecules should "stand up" when they 
grow on Al203/Si02. Thus the orientations of VOPc molecules along the interface of 
VOPc/FieCuPc channel should change less than along the bottom VOPc channel, and 
the transport of holes would be less influenced in the V0Pc/Fi6CuPc interface 
channel than that in the bottom VOPc channel. 
5.1.3 Conclusion 
Experimental results clearly demonstrate that bottom-contact VOPc/FieCuPc 
OTFTs can have much higher mobilities than those of bottom-contact VOPc OTFTs. 
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Chapter 6 
Summary and Future Work 
Summary 
In this thesis high-performance M-Pc-based OTFTs were investigated by two 
fabrication methods: optimization of the growth of M-Pc thin films, and application 
of heterostructure configuration. 
On the optimization of the growth of high-quality M-Pc thin films, VOPc thin 
films with closely-packed terraced grains were achieved on Si02, TaaOs and 
AbCVSiO! gate dielectrics by carefully choosing a high substrate temperature of 170 
or 150 and a low deposition rate of 0.1-0.2 A/s. The relationship between the 
deposition conditions and the morphologies of the thin films was scrutinized from a 
microscopic view. High mobilities repeatedly reaching or even exceeding 0.1 
cm2/V.s were achieved among VOPc OTFTs with TazOs and AliOs/SiO� gate 
dielectrics. 
On the development of heterostructure OTFTs, M-Pc-based /?-type//7-type and p-
type/«-type heterostructure OTFTs were fabricated. CuPc/CoPc or VOPc/CoPc p-
type//7-type heterostructure OTFTs in sandwich configuration could demonstrate the 
improved mobilities and the decreased threshold voltages as compared to those of 
single-layer CuPc or VOPc OTFTs. A double-channel model is proposed to explain 
the improved performance of CuPc/CoPc and VOPc/CoPc OTFTs. 
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VOPc/FieCuPc />-type//?-type heterostmcture OTFTs were also explored. 
Surprisingly the top-contact V0Pc/Fi6CuPc OTFTs showed the unipolar /^-channel 
output characteristics with mobilities comparable with those of top-contact VOPc 
OTFTs, but with the positive threshold voltages and the large leakage currents. The 
bottom-contact VOPc/FieCuPc OTFTs also showed the unipolar /7-channel output 
characteristics with mobilities of 0.003-0.01 cm^A^-s, which were more than one 
order higher than those of bottom-contact VOPc OTFTs. 
Future work 
1. Fabrication of high-performance M-Pc based OTFTs. 
(a) M-Pc-based heterostmcture OTFTs. The discussion in Chapter 5 attributed the 
unipolar output of VOPc/FieCuPc OTFTs to the influence of the roughness of the 
bottom VOPc layer. Moreover, the roughness of most of organic thin films is usually 
larger than that of inorganic counterparts. Therefore it is expected that the roughness 
of the bottom organic layer can strongly affect the performance of organic 
heterostmcture OTFTs. Reduction of the roughness can be accomplished by carefully 
optimizing the deposition conditions among organic thin films or selecting organic 
materials that can be applicable to grow thin films with small roughness. Another 
possible technique is to use self-assembling technique to assemble organic molecules 
on dielectrics so as to achieve very flat organic thin films. 
(b) Application of self-assembled monolayers (SAMs) to improve the performance 
of M-Pc-based OTFTs. Zhu et al. already showed that using OTS treatment on SiO: 
dielectric can improve the mobilities of TiOPc OTFTs by more than 4 orders [1]. 
Chapter 3 expects that using suitable SAMs can also greatly improve the mobilities 
of VOPc OTFTs. One future work of this thesis is to use suitable SAMs to further 
8 1 
Chapter 6 Summary and Future Work 
improve the performance of M-Pc-based OTFTs. Functional groups, i.e., CF3, can be 
added to widely-used SAMs by chemical methods to further improve the effects of 
SAMs. Divinyltetramethylsiloxanebis derivative (BCB) SAM can also be explored 
for TiOPc OTFTs to achieve high-performance …channel output [2,3]. 
2. Characterization of M-Pc thin films. 
(a) /«-situ Ultraviolet Photoelectron Spectroscopy (UPS) to study the energy levels 
of M-Pcs. In this thesis, current-voltage (J-V) and capacitance voltage (C-V) results 
indicate that there may be a mismatch of energy levels at the interface of CuPc/CoPc 
and VOPc/CoPc. But J -Fand C-V are not widely used to study the energy levels of 
organic semiconductors. Therefore m-situ ultraviolet photoelectron spectroscopy 
(UPS) is expected to further clarify the energy levels at the interface of M-Pcs and 
verify the double-channel model. -
(b) Grazing-Incidence X-Ray Diffraction (GIXD) to study the growth of M-Pc thin 
films. Chapter 3 studied the growth of VOPc thin films by using AFM mapping of 
the 30 nm-thick VOPc thin films. However, in fact the first several nanometers of 
organic thin films in the adjacent to the gate dielectric contribute most to the 
performance of OTFTs. Moreover Chapter 5 indicated that in V0Pc/Fi6CuPc 
heterostructure the FieCuPc molecules on VOPc grains might have different 
orientations as compared to those at the VOPc grain boundaries. Therefore GIXD is 
expected to study the growth of thin films on gate dielectrics and on the organic 
heterostructure at the initial stage. It is expected that the ordering of thin films and 
the orientation of organic molecules might be altered during the growth. 
(c) Optical characterization by Raman Spectroscopy. Raman Spectroscopy has been 
used to probe the phases and structure of a-6T thin films with different thickness and 
8 2 
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on different substrates [4]. This technique can be a good supplement for GIXD in the 
study of the growth of organic thin films on gate dielectrics and on the organic 
heterostructure at different stages. 
(d) Measurement the mobility of M-Pc thin films by Hall Effect. It may be difficult 
to measure the mobility of organic thin films by Hall Effect because the mobility and 
carrier concentration of organic thin films are normally very low as compared to 
those of inorganic thin films. But it is very important and interesting to measure the 
mobility of organic thin films by Hall Effect, because it provides an important 
reference about the nature of charge transport (hopping transport or band transport) 
in organic thin films and also verify the mobility values tasted by other methods. 
3. Application of M-Pc-based OTFTs. 
(a) Sensing. M-Pc-based OTFTs can be used as sensors for light, pressure, gas, and 
even bio-molecular species. 
(b) M-Pc-based complementary circuits. In this thesis VOPc OTFTs showed high-
mobility p-channel outputs. It is expected that OTFTs based on certain non-planar 
M-Pcs (i.e., FieVOPc) can also show high-mobility w-channel outputs. Therefore 
complementary circuits based on M-Pc-based transistors are expected to be 
fabricated to have high speed and low power dissipation. 
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Appendix A 
Capacitance-Voltage (C-V) Fitting for ITO/Organic Junction/Al Devices 
Capacitance-voltage (C-V) fitting can be used to calculate the built-in potential and 
the charge density of inorganic junctions [1]. Capacitance of the inorganic junctions has a 
relationship with the width and the charge density of the depletion region. Capacitance of 
the inorganic junction will be changed under different voltages. Accordingly the 
information about the built-in potential and the charge density of inorganic junction can 
be figured out. But can C-F fitting be directly used to calculate the built-in potential and 
other parameters of organic junctions? 
Dennler et al reported that the built-in potential of the IT0/P3HT/A1 device could be 
1.2 V according to C-F fitting [2]. Figure 1 show the 7/C^-F curves of the IT0/P3HT/A1 
device under different voltages [2]. However, it is very strange that the built-in potential 
of the IT0/P3HT/A1 device could reach 1.2 V. If the result is real, the IT0/P3HT/A1 
device should have a bright future in the application of photovoltaic. Cvikl et al. used 
C-V fitting to calculate the built-in potential and many other parameters of some 
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metal/organic/metal devices [3]. However, Cvikl's results were not verified by other 
methods. 
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Fig. 1. 1/C^ (C is the capacitance) of an IT0/P3HT/A1 diode recorded at 1 kHz every 2 
min in air versus the applied voltage V[2]. The arrows indicate increasing time. The bule 
line is a linear fit of one intermediate curve [2]. 
In fact, even though C-F fitting is popularly used to calculate the built-in potential of 
inorganic junctions, this method is not widely used to calculate built-in potential of 
organic devices. The built-in potential of our ITO/CoPc (300 nm)/AI device (Section 
4.1.2) is calculated to be 1.4 V according to C-V fitting. Figure 2 shows the fitting of 
1/C^-V for our ITO/CoPc (300 nm)/AI device. 
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It is expected by the author of this thesis that C-V fitting can not be directly used to 
calculate the built-in potential and other parameters for most organic devices. Here one 
possible reason is proposed: unlike in inorganic semiconductors, charge carriers in 
organic semiconductors are easily be frozen in C-F measurement, because the mobilities 
of most organic semiconductors (especially in amorphous phases) are normally several ‘ 
orders lower than those of inorganic semiconductors [4]. Therefore the change of the 
depletion region in most organic semiconductors during C-F measurement should not be 
the same as the case in inorganic semiconductors. 
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Fig. 2. 1/C2 (C is the capacitance) of an ITO/CoPc (300 nm)/Al device recorded at 1 kHz 
versus the applied voltage F (refer to Section 4.1.2 for the raw C-厂 data). The blue line is 
a linear fit of one intermediate curve. 
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Appendix B 
Can Electric-Field Influence the Growth of Organic Thin Films? 
In 1999 Hu et al. reported that applying an electric-filed during vacuum deposition 
could increase the order of CuPc molecules and decrease the resistance of CuPc thin 
films [1]. XRD of the CuPc thin film grown under an electric field of 1000 V/cm [Fig.l 
(b)] shows a much stronger reflection peak at 26 = 28.4° than that of the CuPc thin film 
grown without electric field [Fig.l (a)], indicating that the electric field made the CuPc 
thin film highly crystallized. Correspondingly the resistance of the CuPc thin films 
decreased when the strength of the electric field increased [Fig.l (c)]. 
Hu's method to control the growth of CuPc thin films by electric field seems very 
interesting. But from 1999 to now, this method has been repeated by other research 
groups for very few times [2]. 
If organic molecules could adjust their positions under an electric field, it is possible 
that an electric field could influence the growth of organic thin films. However currently 
it is not clear whether the organic molecules can adjust their positions as dipoles do under 
an electric field. 
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Our group tried to control the growth of VOPc thin film by electric field. Our raw 
XRD data indicate that an electric filed might yield a small influence on the growth of 
VOPc thin films. But the data need to be repeated before any conclusion could be made. 
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Fig. 1. Hu's XRD of the vacuum-deposited CuPc thin films (a) without electric field, and 
(b) with a lateral electric field of 1000 V/cm. (c) The relationship between the resistance 
of CuPc thin films and the applied electric field during vacuum deposition [1]. 
Figure 2 shows the XRD of the VOPc thin films grown on SiOa/AlzCh substrate 
under a lateral electric field of 140 V/cm and under no electric field. In both cases, the 
VOPc was deposited at a low deposition rate of 0.1-0.2 A/s and the substrate temperature 
was about 150 °C (might exist certain temperature deviation). XRD of the VOPc thin film 
90 
grown under the electric field shows a broadening peak at 20=10-17 and also two 
satellite peaks near the main diffraction peak at 2 0 =7.35� . However XRD of the VOPc 
thin film grown under no electric field doesn't show such characteristics, indicating that 
the electric field might have a small influence on the packing of VOPc molecules. 
(b) VOPc film grown under an e-field of 140 V/cm 
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Fig. 2. XRD of the vacuum-deposited VOPc thin films (a) under no electric field, and (b) 
under a lateral electric field of 140 V/cm. 
The electric field in this experiment only reached 140 V/cm. A stronger electric field 
is expected to yield more obvious influence on the growth of VOPc thin films. Moreover, 
XRD only gives rough information about the packing of VOPc molecules. Grazing 
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Incidence X-ray Diffraction (GIXD) is expected to give more precise information about 
the packing ofVOPc molecules deposited under an electric field. 
In summary, it is possible that the electric field can influence the growth organic thin 
films. But more experiments need to be done before any conclusion could be made. 
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Appendix C 
Micro-Raman Study on Organic Thin Films 
Micro-Raman spectroscopy utilizes the phenomenon of inelastic light scattering to 
perform fast, efficient, and non-destructive chemical analysis at microscopic level. This 
spectroscopic technique investigates the vibrational transitions of covalent bonds in 
molecules and can be applied to a wide range of organic samples. 
Brillante et al reported the application of confocal micro-Raman to study the phase 
inhomogeneity of a-sexithiophene (T6), which acts as an intrinsic source of disorder and 
has detrimental effects on the charge transport. Figure 1 shows the characterization of T6 
by micro-Raman in the region of the lattice phonons (10-150 cm~'), whose frequencies 
probe the intermolecular interactions and are very sensitive to different molecular 
packing. The spatial resolution can reach <1 |im and allows mapping the phase 
inhomogeneity of the sample at the scale comparable with the size of T6 thin-film grains 
[1]. Micro-Raman can also be used to study the phase change of T6 thin films with 
different thickness [1]. Micro-Raman scan across the T6 OTFT indicates that 
electrode-channel steps favor the nucleation and growth of T6 molecules (Fig.2) [1]. 
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Fig. 1. Raman spectra of a high-temperature phase (HT) and a low temperature phase (LT) 
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Fig. 3 Raman spectra of: (a) AbC^SiO: substrate, (b) 30 nm-thick VOPc thin film 
deposited on A^Os/SiOi substrate at a substrate temperature of room temperature and a 
deposition rate of 0.1-0.2 A/s, and (c) 30 nm-thick VOPc thin film deposited on 
Al203/Si02 substrate at a substrate temperature of room temperature and a deposition rate 
of 0.1-0.2 A/s. 
Our group used micro-Raman to study the VOPc thin films grown on SiOs/AbO; 
substrate at different temperatures. Figure 3 shows the Raman spectra of SiC^AbOs 
substrate, VOPc thin films grown on SiOa/AbCh at substrate temperatures of room 
temperature and 150 It can be seen from Fig. 3 that the VOPc thin films grown at two 
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substrate temperatures of show very similar Raman spectra at 700 to 1800 cm"\ 
indicating the two VOPc thin films might have same phases. It is also possible that the 
Raman shift from 700 to 1800 cm-1 is not very sensitive to detect the phase change of 
two VOPc thin films. However, the proportion of different phases in the two VOPc thin 
films might be different, because the relative heights of certain peaks are different in the 
two spectra. Future work about micro-Raman is to study the phases of the VOPc and 
TiOPc thin films on different dielectrics (with and without SAMs) and even gold 
electrodes with different thickness. Micro-Raman study can provide useful references for 
more precise GIXD characterization. 
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